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1.0 EXECUTIVE SUMMARY

The NASA Langley Research Center has an ongoing program of focused research in

the development of Controls-Structures Interaction (CSI) technology. To validate

spacecraft advanced control design methodology and hardware implementation, an

evolutionary testbed referred to as the CSI Evolutionary Model (CEM) has been

developed. There are three planned phases for the CEM. The Phase 0 CEM (Figure

1-1) is based on a classic truss design containing uniform strut sizes, nominal sensor

and actuator placement, and a controller design based on a fixed plant. The Phase 1

CEM is based on an integrated controller and structure design, whereby both structure

and controller design variables are sized simultaneously. The overall structural

geometry and actuator/sensor locations in the Phase 1 CEM are the same as in the

Phase 0 CEM, with the exception that the truss strut stiffness and mass are tailored.

Performance and stability comparisons will be made between the Phase 1 and Phase

0 designs in order to assess the benefits of integrated controller and structure design.

While the Phase 0 and 1 CEM areboth linear, time-invariant systems, the planned

Phase 2 CEM will be designed to investigate appendage articulation for the study of

time varying dynamics typical of multiple-payload platforms.

This report addresses the design, analysis, and testing of the Phase 1 CEM erectable

truss structure performed under Contract NAS1-19241 to the NASA Langley Research

Center.

1.1 BACKGROUND

In the integrated design analysis performed by NASA/LaRC using their CSI DESIGN

Code 1,2, the CEM Phase 1 structure was divided into seven sections (Figure 1-2).

Each of these sections contains three types of struts (Battens, Longerons, and

Diagonals), resulting in a total of 42 strut stiffness and mass parameters. The 42

parameters are reduced to 21 design variables through the introduction of empirical
curves which relate strut mass and stiffness. Constraints placed on the integrated

design algorithm keep the total weight of the Phase 1 CEM at or below that of the

Phase 0 CEM. The objective of the contracted effort discussed in this report was to

design and fabricate a truss structure with parameters as close as reasonably possible

to those resulting from the Phase 1 integrated design analysis.

1-1
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1.2 APPROACH

The approach for this task involved a rapid development, production, and test effort to

complete the Phase 1 CEM structure. The effort started with an iterative development

phase during which prototype struts were designed and fabricated by AEC-Able and

tested by LMSC, At the completion of the development phase, empirical design

curves for strut mass and stiffness were established. The baseline design features a

single erectable joint that is used for all of the struts. The strut stiffness is tailored by

changing the cross-sectional area of the strut tube. Once satisfactory struts were

developed, the empirical design curves were input into the integrated design analysis

using the NASA/LaRC CSi DESIGN Code. The results provided the tube sizing

requirements for the production struts.

The fast-paced production and testing effort involved fabricating 1,799 struts and

conducting 150 individual strut static tests, 8 truss section static tests, 8 truss section

dynamic tests, and a modal test of the assembled CEM structure in less than four

months. Figure 1-3 illustrates the tests that were conducted in order to quantify the

CEM Phase 1 structural performance at the strut level, the 10-bay truss section level,

and the assembly level. The strut and truss section tests were performed by LMSC in

Sunnyvale, California, while the CEM assembly test was performed by SDRC in the

Space Structure Research Laboratory at NASA/LaRC. All static tests were conducted

over the load range of expected use, and the truss orientation and individual member

locations were preserved throughout the different levels of testing. Testing of the

hardware was conducted in parallel with the fabrication effort, beginning as each truss

section came off the production line. Before delivery and assembly at NASA/LaRC,

each strut was weighed and inspected, and all test data was referenced to the

identification number marked on each strut. Pre-test analyses were conducted using

analytical models provided by NASA/LaRC. After spot checks to validate the quality of
the data, all test data was delivered to NASA/LaRC for analytical model correlation,

which was outside the scope of the contracted effort.

1.3 SUMMARY

The CEM Phase 1 structure was fabricated, tested, and delivered on schedule. The

test results indicate that the structure meets all functional requirements, and that the

static and dynamic properties of the structure are predictable, well-characterized, and

]-4
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within the performance requirements established during the Phase 1 CEM integrated
controller/structure design analysis.

All of the CEM Phase 1 strut sizes use a common erectable joint design which is
based on a "pipe union" mechanism concept. This concept uses a nut that is torqued
over a threaded tube to preload the connection (Figure 1-4). Four design and test
iterations using different joint concepts were required to achieve a successful joint and
strut design. It allows for any strut to be removed and replaced without disassembly of
the other struts in a given truss bay. Due to the convergence of many of the strut
design variables to the same values, the 21 different strut sizes were reduced to six
unique strut designs: four Iongerons, one common batten, and one common diagonal.

This resulted in four unique truss sections (sections 2, 6 & 7 are identical as well as 4

and 5). Assembly of the Phase 1 CEM structure in the NASA/LaRC Space Structures

Research Laboratory was accomplished without difficulty in less than two days.

Further details on the design description, key trades and lessons learned, and the

quality assurance results are provided in Section 2.0.

One hundred twenty static stiffness tests and thirty strength tests were performed on

individual struts to quantify their respective properties. The results indicate that the

production struts generally meet or exceed the stiffness and weight requirements, as

shown in Table 1-ii The small average errors (less than 1.3%) and standard

deviations (less than 1.8%) in the test data indicate that the strut stiffness is very

consistent over the sample size of 10 struts. Nonlinearities are on the order of +/- 1%

of the average stiffness value over the desired load range. Repeatability tests show

that the experimental uncertainty is on the order of 0.5% or less. The weight values for

the struts indicate that the assembled Phase 1 CEM will weigh the same or slightly

less than the Phase 0 CEM, as required. The strength test results indicate that a

positive margin of safety exists for ultimate strength, using a factor of safety of two.

Detailed information describing the struts stiffness and strength tests and the

associated results is provided in Section 3.0.

Modal tests of 10-bay sections of the CEM Phase 1 truss were performed. Tests were

conducted on the four unique CEM Phase 1 truss sec-tions in both free-free and

cantilevered configurations. Comparisons between the test data and analytical

predicti0ns using the updated measured weight and stiffness properties from the

individual strut tests (Table 1-1) show that the frequencies and mode shapes of the

truss are predictable and linear. Excellent agreement was obtained for the seven

target modes for each truss section, consisting of the first and second bending mode

pairs, the first and second torsion modes, and the first axial mode. For all eight tests,

the average frequency error is only 2.7% for the bending and torsion modes and 5.1%

]-6
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Table 1-1 CEM Phase I Strut Performance

r SEC

I #

Lon 1
1

2
3

4

5

6
7

STRUT

ID

(Revised)

QTY I QTY
with I ASSy

Spares

erons

1L 94
2L 94

3L 52

4L 104
4L 94

2L 94

2L 19
i

80

80
44

88

80

' 80

16 i

Nominal Nominal

Stiffness Wt (Ibs)
(Ib/in) (With 31%

Node Ball)

Actual

Stiffness

(Ib/in) Actual [

Wt (|bs)
(With 31%

Node Ball)

330,000

85,387
173,350

260,300

257,470

95,226
95,552

0.531
0.276

0.327

0.411

0.407
0.280

0.280

332,549
99,125

174,649

264,236

264,236
99,125

99,125

0.516
0.272

0.320

0.402

0.402
0.272

0.272

Battens
1

2
3

4

5

6

7

B 99
B 94

B 52

B 104
B 94

B 94

B 19

841

801

44 I

881

801

801
161

i

81,898

82,951
82,155

81,797

8O,792

80,941

81,432

0.274

0.274

0.274

0.274

0.273
0.274

0.274

97,359

97,359
97,359

97,359

97,359

97,359

97,359

0.269
0.269

0.269

0.269

0.269

0.269
0.269

Dia$
1

2

3
4 1

5 I

6 I
7 '.
" I

ona_

D 119
D 118

D 65

D 130

D 118

D 118
D 24

1oi I
1001

55

1101
1001

1001

20
i

62,9O6

59,765

58,300

57,417
55,924

56,098

57,789

0.311
0.306

O.3O4

O.3O3

0.301

0.301
0.304

58,791

58,791

58,791
58,791

58,791

58,791

58,791

0.294
0.294

0.294

0.294

0.294

0.294
0.294
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for the axial modes. Shape comparisons were near-perfect for all modes, with the

exception of a few axial modes. This excellent agreement between the predicted and

updated analytical models suggests that little model correlation is required, if any.

Further information regarding the modal testing of the 10-bay truss sections is

provided in Section 4.0.

Eight bending and torsional static tests were performed on the same four cantilevered

10-bay truss sections that were tested dynamically. The data is represented by tight,

linear, and repeatable force-displacement curves characteristic of a well-preloaded,

stiff, erectable structure with little or no hysteresis. Spot checks show that good

agreement was achieved with analytical predictions obtained from models updated

using the measured individual strut properties (Table 1-1), corroborating the results of

the dynamic tests. Further information on the static 10-bay section tests is provided in
Section 5.0.

Finally, a series of modal tests were conducted on the assembled CEM Phase 1

structure suspended in the Space Structures Research Laboratory at NASA/LaRC.

The results of these tests show very good agreement between the pretest analysis

modes and the test results. Frequency errors for the twenty-four primary flexible

modes below 32 Hz are less than 6%, and cross-generalized mass values are greater

than 90%. Substantially more modes, however, were identified in the test than in the

pre-test efforts. This is believed to be the result of the modeling of the suspension

cables. Because the cables are meshed as a single element, the pre-test model is

incapable of predicting cable bending modes and their interaction with the test article.

The modeling of the suspension cables should be updated during the planned post-
test model correlation effort. Further information on the assembled CEM Phase 1

modal tests is provided in Section 6.0. Strut drawings, test setup information, and

additional test data are included in the Appendices.

]-9





2.0 STRUT DESIGN

This section describes the individual CEM Phase 1 strut requirements, design, and the

associated component materials and properties. Section 2.1 describes the strut

requirements, many of which were derived from the results of integrated

control-structure design analyses performed by NASA/LaRC using the CSI DESIGN

Code. Section 2.2 describes the strut design features and some of the key design

trades. Finally, Section 2.3 reviews the quality assurance data on production strut

component tolerances and weights.

2.1 STRUT REQUIREMENTS

The geometry and truss configuration for the CEM Phase 1 truss are based on

matching the CEM Phase 0 design. Thus, the Phase 0 and Phase 1 CEM bay size

and diagonal pattern are identical, resulting in a Iongeron or batten strut length of 10.0

inches and a diagonal length of 14.i42 inches. These dimensions are measured from

the centroid of the Node Ball at each end of the strut.

Table 2-1 lists the stiffness, maximum weight, and load range requirements for the

CEM Phase 1 struts corresponding to the seven different sections illustrated in Figure

1-2. Also included are the quantities required to assemble each section and the

number of spares to be delivered. The nominal stiffness and weight requirements are

derived from the results of integrated control-structure design optimization analyses

performed by NASA/LaRC using the CSI DESIGN Code. The stiffness requirements

include linearity over the associated load range as a desired goal. The weight

requirements assume that 31% of the Node Ball weight is allocated to each strut. This

percentage is derived from the repeatable e]eements of the truss configuration with the
negligible exception Of the seven exposed end faces of the truss.

The load range requirements are derived from the results of static finite element

analyses of the suspended CEM Phase 1 configuration. They include an additional

allocation of 300 Ibs to account for dynamic loads. A factor of safety of two for ultimate

strength of the struts is required. Note that some of the least stiff struts have the

highest static loads.

2-]



[SEC

I #

Lon:
t 4
i •

i 2
r 3
r 4

i 5

6

L7

Table 2-1 CSI Strut Requirements

STRUT

ID

(Revised)

QW I QTV
with I ASSy

Spares

Nominal

Stiffness

(Ib/In)

Nominal

Wt (Ibs)

(With 31%

Node Ball /

Static
Load

Range

(+/- Ibs)

Total
Load

Range

(+/- Ibs)

Ferons
1L 94
2L 94

3L 52

4L 104

4L 94
2L 94

2L 19

551

I 80

I 80
I 44

188

180
[80

[16
468

330,000
85,387

173,350

260,3OO
257,470

95,226

95,552

0.531
0.276

0.327

0.411

0.407
0.280

0.280

387 687
823 1123

22 322

289 589

419 719
834 1134

46 346

Battens

1

2

i3
4

5

6
7

B
B

B
B

B

B

B

99
94

52
104

94
94

19
556

841
801

44
88

8O

8O

16
472

81,898

82,951
82,155

81,797

80,792

80,941

81,432

0.274
0.274

0.274
0.274

0.273

0.274

0.274

792

87

3
3

829

88

1

1092
387

303
303

1129

388

! 301

Dia(
1
2

3

4

5
6

7

ITOTALS

ronals

D

D

D

D

D

D

D

119
118

65

130
118

118

24

692

101

100
55

110,

100
100

20

586

1 1799115,261

62,906

59,765

58,300
57,417

55,924

56,098

57,789

0.311
0.306

0.304

0.303
0.301

0.301

0.304

121

122

4
48

111

123

2

421

422

304
348

411

423

302
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The CEM Phase 1 strut functional requirements include the capability of

(1) assembling the CEM Phase 1 structure and (2) the capability of removing any strut

or struts from the assembled truss without having to take the entire truss bay apart.

The latter capability is an improvement over the Phase 0 CEM. The latter capability

also implies a requirement to provide sufficient access for a tool to be able to tighten or

loosen any joint in the assembled CEM Phase 1 configuration.

2.2 STRUT DESIGN

During the development phase, six design and test iterations were required by the

LMSC/AEC-Able team to meet all of the strut requirements described in the previous

section. At the end of development, theresuitant "pipe union IV" design was driven by

a variety of factors, including cost and schedule time (Table 2-2). The stiffest strut (1L

Longeron) provided the greatest Challenge in terms of meeting the stiffness, weight,

and linearity requirements. The highly'lo-aded but least stiff strut (Batten) provided the

greatest challenge for strength. Only the final production design is described in this

report.

Figures 2-1 and 2-2 show the design features and associated nomenclature. As a

repeatable element of the truss, the strut assembly actually contains two half Node

Balls (one at either end), but is shown equivalently as having one full Node Ball at one

end. Two threaded connections at el the! e_d of the erectable strut are used to

construct and preload the strut assembly. First, the Standoff is fastened to the Node

Ball using the Screw. Second, the Standoff is connected to the end of the Erectable

Strut by torquing the Nut over the threaded end of the Erectable Strut. Slots in the

Node Ball and at the end of the Erectab, e Strut and bosses at either end of the

Standoff provide torque restraints, reducing the number of assembly tools required.

Torque values shown in Figure 2-1 are based on the NASA standard.

The joint components (Node Balls, Standoffs, Screws, and Nuts) are identical for all of

the strut sizes outlined in Table 2-1. Because the stiffness and weight requirements for

the 2L, 6L and 7L Longerons are very close, a single strut tube design was used,

corresponding to the -2 item on the schedule in Figure 2-2. For the same reason, the

4L and 5L Longerons were designed as a single strut size (-4), as well as all of the

Battens (-5) and Diagonals (-6). This reduction from 21 to 6 different strut sizes

significantly reduced the cost and schedule time without impacting the Phase 1 CEM

structural performance. Detailed drawings of the strut components are provided in

Appendix A.
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In order to evaluate the difficulty of achieving the specified stiffness requirements

within the specified mass constraints, a non-dimensional figure-of-merit called the strut

efficiency (_) was derived:

(K/W)eff (K/W)eff (E/p)eff

1"1= (K/W)al = (E/pL2)al (E/p)al

The efficiency is a measure of the effective specific stiffness of a strut or strut

component expressed as a percentage of the specific stiffness of a reference material

(in this case, aluminum). As shown in Figure 2-3, 100% efficiency for a strut

corresponds to an unbroken element of constant cross section and constant mass per

unit length. Because the stiffnesses along the strut are combined in series,

non-uniform cross sections result in decreased effective specific stiffness. Additional

causes of reduced TI are non-structural weight and structural connections such as

joints which have a stiffness knockdown factor. Thus, alternatively, the efficiency can

be thought of as comparing the weight of an unbroken aluminum strut tube with that of

a complete erectable strut of equivalent length and effective stiffness.

Some insight into the key design trades for achieving the strut stiffness and weight

requirements can be gained by evaluating the strut efficiency expressed in terms of the

efficiency, mass ratio, and length ratio properties of the joint and strut tube:

1 1

1]strut = TIj (mj/M) (L/Lj) 2
+

qt [1-(mj/M)] [L/(L-Lj)] 2

Note that the nomenclature defined in Figure 2-1 is used, e.g., the joint is defined as

the part of the strut which is not a constant tube cross section. Because of the

mechanical breaks in the structure, the joint efficiency, qj, is always less than 100%

(50% is difficult to achieve in practice). The strut tube, however, does have a constant,

unbroken cross section and therefore has an efficiency of 100% (qt = 1.0). Therefore,

the most efficient strut design would be to maximize the length and weight of the tube

section relative to the joint section. While this is a rather obvious conclusion, the

equation also shows that it is more important to minimize the joint length ratio than it is

to minimize the joint mass ratio, as the length ratio appears as a quadratic term. With

this in mind, strong emphasis was placed on reducing the joint/strut length ratio during

the strut development.
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Other key design trades during the strut development include:

Selecting the optimal Node Ball diameter to balance Node Ball stiffness, joint

linearity, and joint weight objectives. Small changes in the Node Ball size have

a dramatic impact on the joint weight.

Use of a larger size, finer thread, higher strength 5/16-24 alloy Screw and

high-strength AI7075 for the Node Ball to improve joint linearity via

increased preload.

Use of steel (303 SS) for the Standoff, allowing room for a larger screw without

increasing the joint outer diameter (OD) or reducing the Standoff stiffness.

Increasing the Standoff OD would have required an increase in the Node Ball OD

(and weight) to provide access for the assembly tools. Since steel and aluminum

have approximately the same specific stiffness, the efficiency is unchanged.

Use of AI2024 for the one-piece Erectable Strut increases the yield strength

for the less stiff struts. Machining this component in one piece on a lathe

eliminates the need for a bond or weld at the connection of the lug and strut tube,

thereby eliminating weld inspections or proof tests and reducing cost and

schedule. The resultant lower parts count also reduces the strut tolerance stackup.

In order to meet the requirement for assembly of over 60 linear bays of truss, a

tolerance stackup of 10 mils along the length of a single strut was established. This

value was estimated, as the schedule time did not allow for 60 bays of development

truss to be manufactured to validate the requirement. Also, 10 mils was considered a

practical compromise in terms of manufacturing cost for numerical machining and the

level of inspection required.

2.3 STRUT PROPERTIES

As part of the quality assurance plan, critical dimensions of parts were compared with

the drawings and representative samples of all components were weighed. In

addition, each individual Erectable Strut was weighed and measured for length.

These values were recorded and referenced to the unique identification number

marked on each strut.

The component weight results are displayed in Table 2-3. Overall, the weight results

are very consistent. For the Node Ball, Standoff, Screw, and Nut, the maximum
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Table 2-3 Component Weight Data

Component

1L

2L

3L

4L

B

D

Sample

Size

Strut 94

Strut 207

Strut 52

Strut 198

Strut 556

Strut 692

Node Ball

Standoff

Screw

Nut

65

65

65

65

Avg Weight

(Ibs)

0.305

0.061

0.109

0.191

0.058

0.083

0.159

0.045

0.02

0.016

Max Range

(+/-Ibs)

0.004

0.004

0.001

0.002

0.004

0.013

0.001

0.001

0.001

0.001

Table 2-4 Strut Assembly Length Data

Strut

Assembly

1L Strut

2L Strut

3L Strut

4L Strut

B Strut

D Strut

Length (in)

(+/- .010)

10.000

10.000

10.000

10.000

10.000

14.142

Out of Tolerance

0 mil

72

200

48

195

534

639

mil

6 16

5 2

3 1

1

11 8

36 9

2 mil 3 mil

2

3

8

Subtotal 1 688 62 36 1 3
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deviation was on the order of the measu[ement error, or 0.001 Ibs. For the 10 inch

Longeron and Batten struts, the maximum deviation is also very small (0.001 to 0.004

Ibs). For the 14.142 inch Diagonals, the maximum deviation was 0.013 Ibs for a

population of 692. The increased maximum deviation for the Diagonal is attributed to

increased bending of the longer, thin-walled tube in response to the transverse cutting

tool loads on the numerical lathe. Although not calculated, visual inspection of the

data indicates that the standard deviation would be much less, as very few struts were

counted at the maximum deviation. Adding the maximum weight deviations from the

components yields a worst-case maximum weight deviation for the strut assembly

ranging from 1.2% for the 3L Longerons to 4.2% for the Diagonals.

The strut length tolerance results are displayed in Table 2-4. While 93.8% of the struts

met the 10-mil tolerance goal, some were a few mils beyond. The out-of-tolerance

struts were of little consequence as the entire Phase 1 CEM structure was assembled

at NASA/LaRC in less than two days, significantly less time than required for the

Phase 0 CEM. The CEM assembly consisted of 1,526 struts and 3,052 joint

connections which were accomplished without difficulty. Thus, the estimated 10-mil

goal was conservative.

Overall, the CEM Phase 1 strut design meets the functional requirements. The

performance of the strut design against-the remaining requirements for stiffness,

weight, linearity, and strength is discussed in the Section 3.4.
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3.0 STRUT STATIC TESTS

This section describes the tests that were conducted by LMSC on individual CEM

Phase 1 strut assemblies consisting of a Node Ball, two Standoffs, two Screws, two

Nuts, and an Erectable Strut. The strut static test plan (Table 3-1) focuses on two

principal objectives. The first is to quantify the stiffness of a representative population

of the six different strut sizes over the load range each would expect to see in use. The

second is to quantify the strength capabilities of the three smaller strut sizes where

strength may be a concern. Supplemental repeatability tests were also conducted for

the stiffest (1L Longeron) and least stiff (Batten) strut sizes to quantify the experimental

uncertainty, including variations due to repeated strut assembly and disassembly. The

following sections describe the test setup, test procedure, sample data, and results for

the stiffness (3.1), repeatability (3.2), and strength (3.3) tests. Finally, the overall

results of the strut testing activity are summarized in Section 3.4.

3.1 STRUT STIFFNESS TESTING

Tensile and compressive stiffness tests were conducted on 10 samples of each of the

six different CEM Phase 1 struts. Table 3-1 specifies the load range (maximum tensile

or compressive load) over which the tests were conducted. The load range for each

strut size is based on the worst-case CEM Phase 1 static load plus an additional 300

Ibs for dynamic loads. Table 3-1 also notes that not all of the strut hardware was

always changed out for each strut test. For the less stiff 2L, 3L, Batten, and Diagonal

struts, only the center erectable strut portion of the strut assembly is changed out. For

the stiffer 1L and 4L struts, the entire strut assembly (including Node Ball, Standoffs,

Screws, and Nuts) is changed out for each test. This is because the 1L and 4L strut

tubes are stiff enough such that both the joint and strut tube flexibilities contribute

significantly to the overall stiffness of the strut assembly. Changing out all of the

components for these latter two strut sizes provides a more relevant statistical sample

that includes the effect of manufacturing variances for the joint components.

3.1.1 Description of Strut Stiffness Test Setup

All of the strut stiffness testing was performed using an lnstron Model 4501 Universal

Testing Machine (UTM). Figures 3-1 and 3-2 illustrate the test setup. Deflection data
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I
____] DCDT UPPER MOUNTING PLATE

(TYP- 3 REQ'D)

I NOTE:
1. STRAIN GAGE- 3 REQ'D ON EACH STRENGTH TEST

STRUT ASSEMBLY.
2. SEE FIGURE I-2 FOR STRUT ASSEMBLY NOMENCLATURE.

3. UTM A'I'rACHM NT BOSS THREADED 3/4-10, SHOWING
MACHINED 'FLATS' TO FACILITATE TORQUING
OPERATION.

, DCDT PROBE (TYP- 3 REQ'D)
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II

_1.25 (TYp)_

-1

DCDT LOWER MOUNTING PLATE
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_SEE NOTE 3

1.50 DIA(TYP)

Figure 3-1 Schematic of Strut Static Test Setup in UTM
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M8127F2Fig, 3-2 - -

Figure 3-2 Longeron Strut Installed in UTM
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for the strut assembly is obtained from three linear displacement transducers (G. L.

Collins Model SS-103 DCDT's) mounted at 120 o intervals around the specimen and

supported by upper and lower DCDT mounting plates (Figure 3-3). Each DCDT

mounting plate incorporates a UTM attachment boss on one side and a simulated strut

interface fitting on the other side. The upper mounting plate contains a raised "grip"

which fits into the recessed slot in the test article Node Ball, whi_le the lower mounting
plate contains a machined "slot" which secures the Standoff at the lower end of the test

article. Both ends of the strut are fastened to the test apparatus using screws of the

same size, material, thread pitch, and assembly torque as the Screw used in the CEM

Phase 1 strut assembly (Figure 2-1). Tensile tests are conducted with universal joints

in series with the specimen at either end (Figure 3-4). Compressive tests are

conducted using a rigid adapter at the upper end and a spherical seat at the lower end

(Figure 3-5).

Data acquisition for all testing was conducted using a Daytronic System 10. This

system provided for data channels to be_ displayed on a monitor during testing and
stored a desired rate.

Prior to testing the instrumentation was calibrated. For the DCDT's, a micrometer with

0.001 inch divisions was used for this purpose. In terms of performance, the UTM load

cell has a resolution of 0.1 Ibs while the DCDT's have a range of +/- 100 mils and a

resolution of 0.1 to 0.01 mils in tension and 0.01 mils in compression.

3.1.2 Strut Test Assembly Procedure

An exploded view of the test article is provided in Figure 3-6. For each individual strut

test, the test article and test apparatus were assembled using the following procedure:

- Treat threaded surfaces on Erectable Strut, Nuts, and Screws using

Lubriplate No. 630 AA or equivalent

Feed tapered end of Standoffs into and through threaded side of Nuts

Use Screw to attach Standoff to lower DCDT plate and torque to 210 in-lbs

Use vise and shims or Node Ball Tool (Holding Bar) to hold Node Ball

while attaching Standoff to one end and upper DCDT plate to other end;

torque both bolts to 210 in-lbs

While reacting torque with Node Ball Tool inserted at 90 ° to strut axis, attach

Nut to end of Erectable Strut and torque to 240 in-lbs

- While holding lower DCDT plate in vise, attach Nut to lower end of Erectable

Strut and torque to 240 in-lbs
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48127F2Fig. 3-4

Figure 3-4 Diagonal Strut Tension Test Setup
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M8t 27F2Fig. 3-5

Figure 3-5 Diagonal Strut Compression Test Setup
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Thread upper and lower DCDT plates into Instron UTM

Place DCDT's on mounting plates and make necessary wire connections

Use reverse procedure for disassembly after test

In cases where the Node Ball and Standoffs are not changed out between

tests, re-check all 210 in-lb torques prior to re-assembly

During assembly, the appropriate Node Ball slot was used for the size of strut being

tested, as indicated in Figure 3-7 and illustrated in Figures 3-2 and 3-4. Caution was

also exercised while torquing the Nuts to avoid subjecting the strut tube to bending or

torsion loads, particularly in the case of the less stiff (2L, 3L, B, and D) struts. For this

reason, one should never restrain one end of the strut while torquing the other. The

end of the strut assembly nearest the Nut being torqued should be restrained instead.

3.1.3 Test Procedure

The first step in the test procedure is to record the strut identification number marked

on the strut tube. The next step is to zero the instrumentation and program the Instron

UTM to ramp up to the desired maximum load, hold there briefly, and ramp back down

to zero. A UTM crosshead rate of 0.05 in/min and a data acquisition rate of 2 Hz were

typically used. The test sequence is initiated by pressing the start button and then

proceeds automatically. At the completion of each test, the stored data is transferred to

a PC and plots are made on an HP LaserJet II. After a review of the plots to screen out

anomalies and check the return to zero, all data is transferred to a spreadsheet

program and stored on a 3.5 inch floppy disk.

In the case of the stiffer 1L, 3L, and 4L struts, a linear regression was performed after

each test as part of the anomaly screening. The smaller, 2 to 3 mil maximum

deflections of these stiffer struts increased the sensitivity of the results to small

misalignments of the strLJt assembly in the UTM. When necessary, individual strut tests

were repeated until good, consistent data was obtained.

The stiffness tests outlined in Table 3-1 were not conducted in any particular order.

Rather, the sequence was dictated by the availability of different components as they

came off the production line.

3.1.4 Strut Stiffness Test Results

Most of the test data is characterized by very tight, repeatable, linear,

force-displacement curves characteristic of a strut with stiff, highly-preloaded joints.
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Representative samples of tensile and compressive stiffness data are provided in

Figures 3-8 through 3-11.

The overall results of the stiffness tests are summarized in Table 3-2. Linear

regressions were performed to determine the stiffness resulting from each strut test

over the load range shown at the top of the table. In performing the regression,

leading repeated zeroes, startup transients, and trailing repeated data points were

deleted to avoid biasing the curve-fit. For each strut population, the average tensile

stiffness, average compressive stiffness, and average combined tensile/compressive

stiffness were determined. The corresponding average errors were also calculated.

Note that in all cases, the average stiffness errors are low (less than 1.3%), and the

average compressive stiffness is slightly greater than the average tensile stiffness.

Table 3-2 also lists the results of statistical analyses performed to determine the

standard deviations for the tensile stiffness (0.42% - 1.65%), compressive stiffness

(0.33% - 1.77%), and combined average tensile/compressive stiffness (0.21%- 0.94%)

using a sample size of ten. The standard deviations are also shown for the sample

size of twenty, containing the ten compressive and ten tensile stiffness tests for each

strut size (1.31%-- 2.03%). The fact that the standard deviation is greater for the

sample size of twenty (tensile or compressive stiffness for each strut) than the sample

size of ten (average tensile/compressive stiffness for each strut) indicates that the

variation in stiffness from tension to compression is greater than the variation in

stiffness within a particular tension or compression test series itself.

In the case of the highly-loaded Battens and 2L Longerons, some weak elastic

nonlinearity was observed at higher loads (Figures 3-10 and 3-11). Additional

regressions were performed over different load ranges to further characterize the

nonlinearity. The results for the Battens and 2L Longerons are tabulated in Tables 3-3

and 3-4, respectively. They indicate a slight softening effect at higher tensile loads

and a slight stiffening effect at higher compressive loads, both of which are on the

order of 2.1% or less. In comparison to the average tensile or compressive stiffness

over the entire 0 - 1150 Ib load range, the softening and stiffening effects are less than

1.3% and 1.0%, respectively. This nonlinearity at high load was also observed during

the strut developmental testing and is attributed to relaxation of the joint preload.

Fortunately, the magnitude of the nonlinearity is small, and very few Batten and 2L

Longerons are expected to see such high load levels in the actual CEM structure, as

the high loads are very localized in a few critical areas.

Overall, the small average errors and small standard deviations attest to the degree of

stiffness consistency in the production CEM Phase 1 erectable struts.
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Batten Tension and Compression Tests
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Figure 3-10 Typical Batten Tension and Compression

Stiffness Test Results (Superimposed)
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2L Longeron Tension and Compression Tests
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Figure 3-11 Typical 2L Longeron Tension and Compression

Stiffness Test Results (Superimposed)

3-16



3-17



Table 3-3 Batten Nonlinearity Data

Load Direction

Load Range (Ib)

Avg K (Ib/in)

Stiffness Change

(Relative to 0 - 1150

Stiffness Change

(Relative to 0 - 500)

T

0 - 1150

95,659

C

0 - 1150

99,059

T

0 - 500

96,095

0.5%

C

0 - 5OO

98,131

-0.9%

T

500 - 1150

94,877

-0.8%

-1.3%

Table 3-4 2L Longeron Nonlinearity Data

C

5OO - 1150

99,75O

0.7%

1.7%

Load Direction

Load Range (Ib)

Avg K (Ib/in)

Stiffness Change

i(Relative to 0 - 1150)

Stiffness Change

(Relative to 0 - 500)

T

0 - 1150

97,168

C

0 - 1150

101,082

T

0 - 5O0

98,126

1.0%

C

0 - 500

99,799

-1.3%

T

500 - 1150

96,087

-1.1%

-2.1%

C

500 - 1150

101,851

0.8%

2.1%

Table 3-5 Repeatability Test Results

Strut

Load Direction

Load Range (Ib)

Sample Size

No. Tests

Avg K Error (%)

Std Dev (%)

Batten

T

0 - 1150

1

10

0.10

0.16

Batten

C

0 - 1150

1

10

0.07

0.11

1L Longeron

T

0- 700

1

10

0.22

0.37

1L Longeron

C

0- 700

1

10

0.51

0.75
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3.2 STRUT STIFFNESS REPEATABILITY TESTING

Supplemental stiffness tests were conducted on a single Batten and a single 1L

Longeron strut to quantify the repeatability of the stiffness results. The results of these

tests provide a measure of (1) the experimental uncertainty due to the test setup,

(2) the experimental error, and (3) the repeatability of the joint preload resulting from

the torquing operation during assembly. By testing the stiffest and least stiff struts, the

experimental uncertainty can be bounded (the stiffest struts are the most difficult to test

as well as the most sensitive to joint preload).

Ten compressive and ten tensile tests were conducted for each of the two struts over

the appropriate load range, for a total of forty tests. Before each test, the test setup and

strut were completely disassembled and re-assembled.

The regression results for the Batten and 1L Longeron tests are shown in Table 3-5.

They show that the range of the experimental uncertainty for the struts is on the order

of 0.07% to 0.51% in terms of average error and 0.11% to 0.75% in terms of standard

deviation. Thus, the experimental uncertainty is slightly less than, but on the same

order as, the average error shown in Table 3-2.

3.3 STRUT STRENGTH TESTING

Strength tests were conducted on the Batten and 2L Longeron struts because they are

the highest-stressed members in the CEM Phase 1 structure, critically located at the

intersection of the suspension truss and the main keel. Additional strength tests were

conducted on the longer (14.142 inch) Diagonal struts primarily to evaluate

compressive stability (buckling). Table 3-1 shows the strut strength test plan. Each of

the three strut types was tested to a nominal 4,000 Ibs in both tension and

compression. As noted in the table, all of the component hardware for each strut size

was changed out in its entirety before each tensile or compressive test.

The setup, instrumentation, assembly procedure, and test procedure for the strength

tests are identical to those used in the stiffness tests (Section 3.1), with the exception

that axial strains in the strut tube are monitored by three strain gages. Three Micro-

Measurements CEA-13-125UW-350 gages were bonded to the strut tube midpoint at

120 ° intervals around the circumference using Micro-Measurements M-Bond 200.

These gages had a gage factor of 2.15.

3-19



Figures 3-12 through 3-14 show typical strength test results for the 2L Longeron,

Batten, and Diagonal, respectively. The force-displacement curves tended to reach a

proportional limit at lower load levels than the force-strain curves. This is attributed to

the loss of preload in the joint. For this reason, the onset of yield was determined as

the proportional limit obtained from the force-strain data. This provides a conservative

estimate of the yield value because plastic deformation has not yet occurred.

The strut strength test results are summarized in Table 3-6. Since no exact criterion for

yield exists, both the onset (derived from the strain proportional limit) and the 0.2%

plastic strain criteria are displayed in the table. The proportional limit for displacement

is also shown, indicating the maximum load for stiffness linearity. The average onset

yield values ranged from 1,913 Ibs to 2,364 while the average 0.2% strain criterion

yield values ranged from 2,577 to 3,665. In the case of the Diagonals, the lower 0.2%

strain criteria for the struts in compression (compared with tension) indicates a

buckling failure, which was observed during the testing. The compression failure

modes for the other struts were observed to be a combination of squashing and

bending.

Overall, the strut strength test results indicate that there is substantial load margin for

the onset of yield. No destructive failures were observed during any of the tests,

though a buckling instability of the diagonals was recorded around -2,500 Ibs, yielding

a positive margin of safety. The requirement of a positive margin of safety for ultimate

strength using a factor of safety of 2.0 is satisfied for all struts,

3.4 STRUT STATIC TESTING SUMMARY

Overall, the production strut design generally meets or exceeds the stiffness and

weight requirements, as shown in Table 3-7. The small average errors (less than

1.3%) and standard deviations (less than 1.8%) in the test data indicate that the strut

stiffness is very consistent over the sample size of 10 struts. Nonlinearities in the less

stiff, highly-loaded Batten and 2L Iongeron struts are on the order of 1% of stiffness

when compared with the average stiffness over the 0 to 1,150 Ib load range.

Repeatability tests indicate that the experimental uncertainty is on the order of 0.5% or

less for stiffness. The weight values for the struts indicate that the assembled Phase 1

CEM structure will weigh the same or slightly less than the Phase 0 CEM, as required.

Table 3-7 also shows the strut assembly efficiency (1"1)results (a relative measure of

specific stiffness - see Section 2.2 for definition). The weighted average strut efficiency
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Table 3-6 Strut Strength Test Data Summary

STRUT TEST LOAD

ID TYPE MAX

(Ibs)

LOAD @
YIELD

Onset

(Ibs)

STRAIN @
YIELD
Onset

(_)

2L161 T 4,056 2,602

2L016 T 4,035 1,933
2L018 T 3,999 2,358
2L020 T 4,091 2,125
2L034 T 4,021 2,803

Avg. 4,040 2,364
Std. Dev. 35 351

LOAD @ STRAIN @
YIELD YIELD

0.2% 0.2%

(Ibs) (_)

LOAD @

Proport
Limit

(Ibs)

DISP @

Proport
Limit
(mils)

3,456

2,663
3,238
2,958
3,900
3,243

473

3,774
3,640

3,673
3,623
3,617
3,665

64

7,000

7,041
7,052
7,081
7,052
7,045

29

1,925
1,480

1,544
1,940
1,597
1,697
219

19.67

15.73
16.07
23.47
17.40
18.47

3.2O

2L130 C
2L011 C
2L012 C

2L013 C
2L015 C

Avg.
Std. Dev.

B121
B122
B123
B124

B125

Avg.
Std. Dev.

B329
B340
B128

B129
B130

Avg.
Std. Dev.

T

T

T

T

T

C
C
C

C
C

-3,275
-3,5O5
o3,560
-3,449
-3,524

-3,463
112

3,618
3,669
3,601
3,633
3,615
3,627

26

-2,891
-2,981
-3,372
-3,294

-3,344
-3,176

224

-2,433
-2,073
-2,155
-2,120
-2,168

-2,190
141

1,508
2,116
2,208
2,100
2,025
1,991
278

-1,924

-2,096
-2,467
-2,479

-2,448
-2,283

257

-3,093
-2,775
-2,892
-2,867
-2,904

-2,906
116

2,875
3,067
3,229
3,054
3,000
3,045

128

-2,9O0

-3,133
-3,463
-3,454

-3,452
-3,280

255

-3,367
-3,211

-3,233
-3,065
-3,225
-3,220

107

3,350
3,366
3,300
3,317
3,257
3,318

43

-2,738

-2,844
-3,117
-3,150

-3,098
-2,989

186

-6,265
-6,283
-6,354
-6,177
-6,313

-6,278
66

6,800
6,875
6,833
6,775
6,792
6,815

40

-6,125

-6,275
-6,375
-6,375

-6,371
-6,304

109

-1,922
-2,027
-2 ,O5O
-2,117
-2,142

-2,052
86

1,32'5

1,35O
1,327
1,583
1,200
1,357
139

-1,180
-2,018
-2,463
-2,198

-1,915
-1,955

48O

-18.92
-20.67
-21.13
-21.88

-22.O2
-20.92

1.25

14.38
14.42
14.48
17.17
12.96
14.68
1.53

-13.40

-22.40
-26.13
-23.00

-20.73
-21.13

4.74

D014
D015
D016
D017
D018

Avg.
Std. Dev.

T
T
T
T
T

3,381
3,357
3,515
3,425
3,462
3,428

63

2,067
1,899
1,942
1,557
2,233
1,940
25O

3,171
2,875

2,948
2,373
3,375
2,948

377

3,293
3,233

3,385
3,283
3,343
3,307

58

7,050

6,873
7,129
8,000
7,O42
7,219

447

1,673

1,400
1,429
1,467
1,570
1,508

113

30.00
24.75
25.O5
26.05
28.25

26.82
2.25

D019

D020
D021
D022
D023

Avg.
Std. Dev.

C
C
C
C
C

-2,581
-2,752

-2,565
-2,494
-2,523
-2,583

101

-1,980
-1,853

-1,942
-1,953
-1,839
-1,913

63

-2,935
-2,740

-2,908
-2,896
-2,792
-2,854

84

-2,577
-2,745

-2,557
-2,487
-2,517
-2,577

100

-5,810
-6,046

-5,833
-5,708
-5,821
-5,844

124

-1,613

-1,660
-1,623
-1,880
-1,740
-1,703

111

-27.83

-28.10
-28.33
-33.03
-30.93
-29.64

2.27
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Table 3-7 CEM Phase I Strut Performance

SEC

#

STRUT

ID

(Revlsed)

QTY QTY Nominal

with Assy Stiffness

Spares (Ib/in)

Nominal Actual Actua I

Wt (Ibs) Stiffness Wt (Ibs)

(With 31% (Ib/In) (With 31%

Node Ball I Node Ball}

Strut

Efficiency

(11)

(%)

Lonj
1

2
3

4

5
6

7

,erons

1L 94

2L 94
3L 52

4L 104

4L 94

2L 94
2L 19

80 330,000

80 85,387
44 173,350

88 260,300

80 257,470

80 95,226
1 6 95,552

0.531

0.276

0.327

0.411
0.407

0.280

0.280

332,549

99,125
174,649

264,236

264,236

99,125
99,125

0.516

0.272

0.320

0.402
0.402

0.272

0.272

64.4

36.4

54.6

65.7

65.7
36.4

36.4

Battens
1

2

3

4

5i
6 J

i

B 99

B 94
B 52

B 104

B 94

B 94
B 19

84! 81,898

801 82,951
441 82,155

88 i 81,797

801 80,792

801 80,941

1 6 I 81,432

0.274

0.274
0.274

0.274

0.273

0.274

0.274

97,359

97,359
97,359

97,359

97,359

97,359

97,359

0.269

0.269
0.269

0.269

0.269

0.269

O.269

36.2

36.2

36.2
36.2

36.2

36.2

36.2

Diagonals

3 I
4 I

5 !

6 I

i

D

D

D
D

D

D

D

119
118

65

130

118

118
24

101 I 62,906

100 I 59,765

551 58,300

1101 57,417

100 I 55,924

100 I 56,098
201 57,789

0.311

O.3O6
O.3O4

0.303

0.301

0.301
0.304

58,791
58,791

58,791

58,791

58,791

58,791
58,791

0.294

0.294
O.294

0.294

0.294

0.294

0.294

40.0

40.0
40.0

40.0

40.0

40.0

40.0
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for the Phase 1 CEM structure is 42.9%, calculated using the number of struts of each

type in the CEM Phase 1 structural assembly as the weighting factors. This is less

than or equal to the corresponding 47.7% average strut efficiency for the CEM Phase 0

structure, as required to make valid comparisons between the Phase 1 and Phase 0

integrated control/structure performance.

The production strut design also meets the strength requirements. For the 30 strut

strength tests conducted, ultimate failure was never observed below a factor of safety

of 2.0, and significant margin exists for the onset of yield.
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4.0 TRUSS SECTION DYNAMIC TESTS

Component modal tests on 10-bay truss sections of the NASA/LaRC CEM Phase 1

testbed were performed in the LMSC Space System Division (SSD) Structural

Dynamics Lab located in Sunnyvale, California. The objective of these tests was to

quantify the dynamic characteristics of individual truss sections and to provide data for

NASA/LaRC to correlate the analytical models. Measured frequency, damping, and

mode shape modal parameters for seven target modes were obtained for each truss

section. The seven target modes were defined as the first and second bending mode

pairs (B-l, B-2), the first and second torsion modes (T-l, T-2), and the first axial mode

of the structure. Although difficulty was encountered in generating accurate test-

analysis models using the Guyan reduction method, excellent test-analysis

comparisons were obtained for the target modes.

This section discusses the test and analysis approach, followed by a discussion on

pretest analysis, including the development of reduced test-analysis models. Next,

descriptions of the test equipment, data acquisition/analysis software, and test

methodology are presented. As a check of data quality, modal test results are

compared with the finite element model predictions. A summary of the important

findings and conclusions from the modal test series concludes this section.

4.1 APPROACH

The CSI Evolutionary Model consists of four unique truss sections referred to as

Section-I, Section-2, Section-3, and Section-4. Both cantilevered and free-free modal

tests were performed using ten bays of each section type resulting in the eight test

configurations identified below.

CONFIGURATION

1. Section-1 Cantilevered

2. Section-1 Free-Free

3. Section-2 Cantilevered

4. Section-2 Free-Free

5. Section-3 Cantilevered

6. Section-3 Free-Free
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7. Section-4 Cantilevered
8. Section-4 Free-Free

The cantilevered tests were conducted with the truss sections mounted to a steel base

fixture as shown in Figure 4-1. The free-free tests were conducted with the truss

structure suspended on four low frequency bungee cords as shown in Figure 4-2.

Dynamically testing the truss sections using two different sets of boundary conditions

provides additional information on the modal characteristics of the truss structure
which can be beneficial during finite element model correlation.

The approach taken in choosing the appropriate 10-bay truss configuration for each

section test was to duplicate selected truss sections contained in the assembled CEM

model in terms of strut lacing pattern, coordinate system, node ball slot alignment, and

applied gravity loading direction. This was accomplished by assembling each of the
individual test sections to be identical to the representative 10-bay sections extracted

from the system model (Figure 4-3). Representative sections were selected by

defining the batten frames at the section-to-section interfaces as the fixed ends for the
cantilevered modal tests. Defining the test sections in such a manner enabled the

cantilevered modal tests to closely simulate the cantilevered truss configurations

present in the assembled CEM with the exception of Section-4 which was located mid-

span in the structure.

Configuring the test sections identical to the CEM system model allows for perfect

integration of the test-verified 10-bay truss segments into the system level structure on

a strut by strut basis during final assembly. Individual strut identification numbers were

recorded for each test section as shown in Appendix B.

The gravity loading direction on the truss sections in the CEM model was preserved

during modal testing for all sections except Section-3. This vertically aligned tower

section was loaded by gravity in the longitudinal direction in the system model but was

tested in a horizontal orientation for expediency.

Following each truss section modal test, the overall quality and consistency of the

measured data was evaluated by comparing it with Finite Element Model (FEM)

analytical predictions updated with individual strut static test results.

Cross-orthogonality (XO), Root Modal Assurance Criteria (RMAC) and frequency error

modal comparison criteria were used as defined in Figure 4-4. Post-test correlation of
the finite element models for each truss section is outside of the scope of the

contracted effort and is planned to be performed by NASA/LaRC.
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4.2 PRETEST ANALYSIS

Preliminary MSC/NASTRAN Version 66 finite element models of the four individual

10-bay truss sections were generated using the same model fidelity present in the

existing system level CEM finite element model provided by NASA/LaRC. Grid points

with concentrated masses were used to model the 44 Node Balls resulting in

individual Longeron, Batten, and Diagonal struts being represented by single uniform

CBAR elements with equivalent beam properties. Each strut assembly (including the

joints) is modeled as a single element. Strut element mass properties were lumped at

the Node Ball grid points using the coupled mass option in NASTRAN.

These preliminary models were used to determine the optimum set of the

accelerometer measurements necessary to accurately quantify the truss dynamic

behavior prior to the start of modal testing: Once the sensor set was defined, formal

test-analysis models were generated based on updated finite element models which

included instrumentation mass and offset effects as well as strut stiffness properties

obtained from the static strut tests (Table 3-7).

4.2.1 Sensor Locations

To determine the locations and numbers of sensors needed to adequately describe

.the dynamic response of the test articles in both cantilevered and free-free

configurations, preliminary Test-Analysis Models (TAM's) were generated using the

Guyan static reduction procedure. A TAM is a reduced order analysis model whose

Degrees-of-Freedom (DOF) are identical to the sensor DOF measured during a modal

survey. The cross-orthogonality and frequency errors between the TAM and FEM are

compared for the important modes as a means of evaluating the accuracy of the

reduced model. Following testing, the TAM mass matrix is used to compute post-test

cross-orthogonality between the test and analysis modes as well as to determine test

mode orthogonality.

Preliminary TAM's were generated using the Section-2 cantilevered and free-free

finite element models which are representative of all four test sections in terms of

evaluating proposed instrumentation placement. Static reduction analyses were

computed at several sets of selected Node Ball degrees-of-freedom in order to

determine the optimum accelerometer locations. The modes used to evaluate the

validity of the reduced models are the seven target modes listed earlier in the report.

No instrumentation mass properties or offsets were included in the preliminary TAM

models. Due to the large frequency separation between the suspension and elastic
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modes for the free-free configuration, suspension system and gravity effects on the
structure were considered negligible and thus not included in the analyses.

Two pretest requirements were defined as part of generating acceptable reduced
models of the free-free and cantilevered test sections. The first was to maximize the

accelerometer commonality between the two test configurations, which reduces the

amount of instrumentation channel swap-out required. The second was to develop

acceptable TAM's using no more than 44 measurement channels so the existing data

acquisition system could simultaneously record all the data channels in a single pass.

It was not desirable to record data in multiple passes since potential non-linear and

time-variant effects may introduce inconsistencies between response data taken

during different passes. In addition, acquiring the data in a single pass results in

reduced testing time which was very important given the tight test schedule.

Tables 4-1a and 4-1b summarize the preliminary TAM results corresponding to the

final accelerometer degrees-of-freedom set chosen for each test configuration. The

cross-orthogonality and frequency comparisons between the TAM and FEM for the

cantilevered case show excellent agreement for all seven target modes. The axial

mode has the lowest cross-orthogonality and highest frequency error of 0.95 and

2.3%, respectively. This result is not surprising since the majority of the accelerometer

DOF's measure vertical and lateral motion associated with bending and torsion modes

and not pure axial motion. Similar results are evident in the free-free case where,

again, the axial mode has the lowest cross-orthogonality and the highest frequency

error.

In general, the free-free TAM is not as accurate as that generated for the cantilevered

case. This result can be attributed to the fact that a first cantilevered bending mode

shape represents only one-half of the first free-free bending mode shape for a

classical truss structure. Thus, the spatial density of sensor DOF's for the cantilevered

test is effectively twice that of the free-free test, resulting in a better reduced model.

Figure 4-5 illustrates the final overall accelerometer locations and degrees-of-freedom

(tri-axial etc.) chosen for the modal tests based on the preliminary TAM results. The

figure shows the accelerometer identification number, DOF's, and location as a

function of truss batten frame number where the frames are viewed looking down the

truss longitudinal axis from the fixed cantilevered end. The relative orientations of the

batten frame diagonal struts shown in the figure are arbitrary. Individual coordinate

systems used to model the truss sections are consistent with the CEM global

coordinate system and are shown in Figure 4-6 for reference. A tabular listing of the

information contained in Figure 4-5 is summarized in Table 4-2, which identifies the
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SECTION-I
BF-1

///////I

BF-2 BF-3 BF-4 BF-5 BF-6 BF-7 BF-8 BF-9 BF-IO BF-11

SECTION-2
BF-1

Z
BF-2 BF-3 BF-4 BF-5 BF-6 BF-7 BF-8 BF-9 BF-IO BF-11

////////

SECTION-3
IF-1 BF-2 BF-3 BF-4 BF-5 BF-6 BF-7 BF-8 BF-9 BF-IO BF-11

I I I I I I I I I I

Z

SECTION-4

BF-1 BF-2 BF-3 BF-4 BF°5 BF-6 BF-7 BF-8 BF-9 BF-IO BF-11Z

////////

(BF = BATTEN FRAME)

Figure 4-6 Modal Test Coordinate Systems
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Table 4-2 Test vs FEM Accelerometer DOF Map

CANTILEVERED

ACCEL

NO.

2

3

4

5

6

7

DOF's

Bi-Axial

Bi-Axial

Tri-Axial

Tri-Axial

9 Bi-Axial

1 0 Bi-Axial

1 1 Tri-Axial

1 2 Axial

1 3 Tri-Axial

14 Axial

15

t6

1 7 Tri-Axial

18 Tri-Axial

1 9 Tri-Axial

20 Tri-Axial

21 Tri-Axial

22 Axial

23 Tri-Axial

24 Axial

TOTAL = 42

FREE-FREE

ACCEL DOF's

NO.

1 Tri-Axial

ACCELEROMETER

FEM GRID NO.

X900
i iill
,::_:2 Axial X901

il

3 Axial _ X902
ii

4 Tri-Axial _ X903

5 Tri-Axial X904

6 Bi-Axial X906

7 Bi-Axial X912

8 Bi-Axial X914
i

9 Bi-Axial X916

1 0 Bi-Axiat X918

1 1 Axial X920
ii

1 2 - X921

1 3 Axial :: X922
i:

14 - X923
, ,, • ,

15 Bi-Axial X924

1 6 Bi-Axial X926

1 7 Bi-Axial X928

1 8 Bi-Axial X930

1 9 Tri-Axial X936

20 Bi-Axial X938
!ii!

2 1 Tri-Axial X940

22 Axial X941
::1

23 Tri-Axial :i X942

24 Axial iJ X943

TOTAL = 44

NOTES: Tri-Axial = Vertical/Lateral/Longitudinal DOF's

Bi-Axia? = Vertical/Lateral DOF's

Axial = Longitudinal DOF

"X"= Truss Section Number (1,2,3, or 4)

Total Overall DOF-- 55
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FEM grid point corresponding to each accelerometer location. This test versus FEM

degree-of-freedom map is needed when comparing test vs. FEM mode shape data.

All of the objectives and requirements associated with choosing the accelerometer

locations for the modal tests were successfully met. Only 42 sensor DOF's were

required to accurately capture the target modes in the cantilevered model while the

maximum of 44 were chosen for the free-free model enabling the measured data to be

recorded in a single pass. There was an overall combined total of 55 unique

accelerometer DOF's between both test configurations, of which 31 were common. As

a result, only a maximum of 13 accelerometer channels needed to be changed when

converting from a cantilevered to free-free te_s_tset-up or vice versa. This reduced the

potential for wiring errors and saved valuable set-up time in the test lab. All of the

accelerometer instrumentation (55 channels) was mounted to each test article prior to

the start of testing so that identical instrumentation hardware was present in each test

configuration.

4.2.2 Finite Element Modeling

All of the truss section finite element models were generated using an identical grid

numbering sequence relative to the cantilevered orientation of the truss sections. An

example plot of the finite element model grid point numbering scheme is shown in

Figure 4-7 using Section-1 for reference. Node Ball grids points were assigned X000

range values while accelerometer response grid points were assigned X900 range

values with the "X" variable corresponding to the truss section number (1, 2, 3, or 4).

By using this consistent and systematic grid numbering convention, only the "X" value

needs to be changed when referring to different section models. This approach

minimized the potential confusion associated with comparing test data versus FEM

predictions for eight very similar modal tests.

Additional modeling simplifications were introduced by using the same identical
MSC/NASTRAN bulk data deck for both the cantilevered and free-free finite element

models of a truss section. This was made possible by the fact that all instrumentation

weight was added to the structure prior to testing. Therefore, the only modeling

differences between the two configurations are the boundary node conditions. A

summary of the accelerometer weights included in the finite element models is shown

in Table 4-3 as a function of FEM grid number. The combined instrumentation weight

associated with the 55 accelerometer DOF's was 2.0134 Ibs which is approximately

5% of the lightest test section weight.
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ACCEL

NO.

Table 4-3 Accelerometer Weights

DOF's ACCEL

FEM GRID NO.

1 Tri-Axial X900

2 Axial X901 0.04414

3 Axial X902 0.04414

4 Tri-Axial X903

5 Tri-Axial X904

6 Hi-Axial X906

ACCEL

WEIGHT (LBS)

0,11268

0.08435

0.08435

0.08435

7 Tri-Axial X912 0.08435

8 Tri-Axial X914 0.08435

9 Hi-Axial X916 0.09954

10 Hi-Axial X918 0.09954

1 1 Tri-Axial X920 0.11268

1 2 Axial X921 0.08640

13 Tri-Axial X922 0.11268

14 Axial X923 0.08640

15 Hi-Axial X924 0.09954

X926Hi-Axial16 0.09954

17 Tri-Axial X928 0.08435

1 8 Tri-Axial X930 0.08435

1 9 Tri-Axia! X936 0.08435

20 Tri-Axial X938 0.08435

21 Tri-Axial X940 0.08435

2 2 Axial X941 0.04414

23 Tri-Axial X942 0.08435

24 Axial X943 0.04414

NOTES: Tri-Axial = Vertical/Lateral�Longitudinal DOF's

Hi-Axial = Vertical/Lateral DOF's

Axial = Longitudinal DOF

"X" = Truss Section Number (1,2,3, or 4)

Total Accel DOF's = 55

Total Accel Weight - 2.0134 LBS
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Several updates were made to the preliminary finite element models initially used for

determining accelerometer locations. These changes were made to all four section

models prior to computing final test-analysis models used in evaluating the modal test

results. One of the more significant updates consisted of adding concentrated weight

at the accelerometer FEM grid points in order to reflect the effect of instrumentation

weight on dynamic response. These concentrated weights were placed at the

physical transducer locations laterally offset approximately 1.5 inches from the Node
Ball center.

A second important model update was the addition of actual strut effective area

properties based on the strut static stiffness tests results presented in Section 3.0 of

the report. All seven of the target mode frequencies are heavily coupled to strut axial

stiffness, which explains the importance of accurately modeling the axial stiffness

properties. A summary of the strut section properties used in the updated pretest finite

element models is presented in Table 4-4. Table 4-5 shows the weight breakdown of

the 10-bay section finite element models (free-free) on a component level with

Section-1 being the heaviest and Section-2 the lightest. Complete MSC/NASTRAN

mass property outputs are contained in Appendices C through F for the four truss test

sections, respectively.

4.2.3 Test-Analysis Models

Reduced test-analysis models were computed for the free-free and cantilevered

configurations of each truss section using the updated pretest finite element models.

Analogous to the preliminary TAM analyses, the Guyan static reduction method was

again employed but this time the reduction was performed at the sensor

degrees-of-freedom (X900 grid points) corresponding to the actual measurement

locations. This is different from the preliminary TAM which computed the static

reduction at the Node Ball degrees-of-freedom (X000 grid points). The results of the

computed TAM versus FEM comparisons for the seven target modes are shown in

Tables 4-6 through 4-13 for all eight modal tests. Modal comparison criteria outlined

in Figure 4-4 are used to evaluate the overall accuracy of the reduced models.

4.2.3.1 Closely Spaced Modes

Before interpreting the TAM results, it is important to note that the physical properties of

the truss sections are extremely uniform and symmetric about the longitudinal axis of

the structure which results in eigensolutions with closely spaced bending mode pairs.

One of the consequences of performing the Guyan reduction at the actual sensor

DOF's was the introduction of a mass moment of inertia bias in the TAM matrices due

4-16
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to the sensors being laterally offset from the Node Ball centers. Figure 4-2 clearly

shows all the sensor blocks being offset from the truss in a lateral direction parallel to

the floor, the only exceptions being the axial accelerometers at the ends of the truss.

As a result of the sensor mass offset, the TAM did a poor job of predicting the closely

spaced bending mode pairs at nearly equal natural frequencies for each section.

Inspection of the TAM vs. FEM comparison tables show frequency errors to be most

pronounced in the free-free TAM's where sizeable frequency separations between the

two second bending modes (B-2) resulted in frequency discrepancies as large as 34%

with respect to the full FEM. This was not a concern with the preliminary TAM's since

the reduction was performed at the Node Balls which are geometrically symmetric with

respect to the centerline of the truss structure. Overall, the TAM's did an excellent job

of predicting the frequency for both torsion modes and the first mode in each bending

mode pair. However, large frequency errors in the TAM's occurred with the second

bending mode in each closely spaced pair and the axial modes. Again, these errors

are attributed to the performance of the static reduction at the offset sensor locations.

The limitations in using the Guyan reduction method are associated with the fact that

the technique is based on the assumption that no forces act on the omitted

degrees-of-freedom, which in the section models are the Node Balls. Since greater

than 95% of the total mass of the truss structure is mathematically lumped at the non-

instrumented Node Ball grid points for the final test-analysis models, it is a poor

assumption for this type of model. This is the major cause of frequency and mode

shape errors between the predicted TAM and FEM.

Even though performing the Guyan reduction at the sensor locations introduced

deficiencies in the test-analysis models, it was decided to preserve the representative

offset locations of the response degrees-of-freedom during the static reduction.

Having sensors offset 1.5 inches from the node ball centers resulted in a rigid moment

arm equivalent to 30% of the strut length (3 inches combined offset over 10 inch strut

length) which is viewed as significant. The static reduction could have been

performed at the Node Ball centers, but this would have incorrectly excluded the rigid
body rotation contribution to the sensor t_ranslational motion.

Other static reduction techniques such as Improved Reduction System (IRS)

developed by O'Callahan 3 do include the mass effects of the omitted DOF's which, in

this case, might have eliminated the shortcomings associated with using the Guyan

method. For programmatic and schedule reasons, these techniques were not

explored during the pretest analysis effort. Since the acceptability of the chosen

sensor locations was initially verified via the preliminary TAM's documented in Tables
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4-1a and 4-1b, the primary purpose of generating the final section TAM's was to

generate reduced mass matrices for possible use in post-test analyses.

Another important issue to be addressed before fully evaluating the TAM results is also

related to the closely spaced bending modes. Motion of the predicted FEM closely

spaced bending mode pairs was primarily in orthogonal off-axis directions not aligned

with the principal truss lateral and vertical axes. In contrast, motion of the TAM

bending mode pairs was principally along the lateral and vertical axes (0 and 90

degrees) of the truss structure. This anomaly can be attributed to the mass bias

resulting from the static condensation at the sensor points. An example of this

variation in mode shape is illustrated in Figure 4-8 which shows end views of the

Section-1 free-free TAM and FEM first bending mode pairs along with the

corresponding RMAC values. As a result of this behavior, typical cross-orthogonality

and RMAC comparisons between the TAM and FEM mode shapes are not

representative of the overall accuracy of the reduced bending modes.

4.2.3.2 Linear Recombination of Closely-Spaced Bending Mode Pairs

Linear recombination of the TAM bending mode pairs was necessary in order to obtain

an apples-to-apples comparison between the full and reduced analysis modes.

Because of the symmetrical dynamic behavior of the truss structure, the coefficients

required to transform the TAM mode pairs consistent with the FEM modes could be

estimated using the RMAC results. As described in Figure 4-4, in its simplest form the

RMAC value represents the cosine of the angle between two modal vectors. A RMAC

value of 1.00 (0.0 degrees) indicates the mode shapes are spatially identical, while a

RMAC of 0.00 (90 degrees) indicates shape orthogonality. RMAC values are similar to

cross-orthogonality values, but are not mass weighted and therefore are independent

of the accuracy of the reduced mass matrix. Table 4-14 lists the transformation angles

used in generating the revised TAM mode shapes for each test configuration.

Cross-orthogonality and RMAC values calculated using the linearly recombined TAM

modes are presented in Tables 4-6 through 4-13. For the four cantilevered

configurations, the RMAC values between the FEM and linearly combined TAM are

exactly 1.00 for all seven target modes, indicating perfect mode shape correlation.

The results are equally impressive for the first bending pair and first two torsion modes

predicted for the free-free configurations. RMAC values for the free-free second

bending mode pair are also quite good with values in the mid to high 0.90's range, the

lowest being 0.91. Only the higher frequency free-free axial modes exhibit poor mode

shape comparison between the TAM and FEM.
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Table 4-14 TAM Bending Mode Pairs Linear Combination

Angles Based on TAM vs. FEM RMAC Results

TRUSS

CONFIGURATION

Section-1 Free-Free

Section-1

Section-2

Section-2

Cantilevered

Free-Free

Cantilevered

Section-3 Free-Free

Section-3 Cantilevered

B-1 ANGLES

(DEGREES)

33.1

21.0

29.5

0.0

0.0

27.6

B-2 ANGLES

(DEGREES)

41.4

29.0

22.2

29.0

0.0

13.2

Section-4 Free-Free 28.1 36.5
, r

Section-4 Cantilevered 21.9 27.4
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Results from the cross-orthogonality check computed using the linearly recombined

TAM mode set were not as impressive as those obtained using RMAC. The sensitivity

of the Guyan reduced matrices to the offset sensor mass points as discussed earlier

resulted in a less than accurate reduced mass matrix representation of the truss

structure which in turn affected the cross-orthogonality results. Fortunately, based on

the excellent mode shape agreement (RMAC) between the TAM and FEM models for

all eight section tests, it was concluded that the chosen set of sensor locations

effectively captured the shape of the bending and torsion target modes regardless of

the cross-orthogonality results. In theory, RMAC is equivalent to cross-orthogonality,

given an identity mass matrix. Since the truss sections are such extremely uniform

structures with constant mass weighting along their lengths, the RMAC calculation is

nearly equivalent to the cross-orthogonality calculation for this case. The differences

observed between the RMAC and XO values are due entirely to the use of an

imperfect reduced mass matrix in the XO calculation.

An important outcome from the TAM versus FEM comparisons was the decision to

emphasize the RMAC and frequency error comparisons when evaluating modal test

data against finite element model predictions. Even though significant frequency

errors associated with the TAM's exist, these errors are a product of the reduction

process and therefore have no effect on FEM vs. test frequency comparisons. It was

decided to use cross-orthogonality only as a secondary comparison because of the

uncertainty associated with the Guyan reduced mass matrices.

4.3 TEST DESCRIPTION

The test objective of the modal surveys was to obtain the modal parameters (natural

frequency, modal damping values, and mode shapes) for each of the four truss

sections in the free-free and cantilevered configurations. Modal parameters were

required for only the seven target modes of interest. Discussions on the test

equipment, software tools, test procedure, and data analysis effort required to satisfy

this test objective are presented.

4.3.1 Test Equipment

The test fixtures used during the modal test series consisted of a floor-anchored steel

fixture shown in Figure 4-9 which was used as the fixed base for the cantilevered

testing (Figure 4-1) and bungee cords which were used to support the free-free test

sections (Figure 4-2). A modal survey of the anchored base fixture revealed that the

first rigid body rolling mode on the concrete floor is at 204 Hz, which is higher than the
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bending and torsion target modes measured during the cantilevered tests but lower

than the axial mode for the two stiffest truss sections (Sections 1 and 4).

Bungee cords with a stretched length of ten feet were used to support the free-free test

sections at four points. Estimated rigid body modes of the free-free sections ranged

from 0.31 Hz to 1.51 Hz, well below the predicted frequencies for the first elastic

free-free modes. The lowest frequency elastic mode measured during free-free testing

was greater than 89 Hz resulting in an excellent minimum frequency separation of 60

to 1. The uncoupling of the rigid body and elastic modes is essential for obtaining high

quality modal data. The combination of bungee cord flexibility and pendulum isolation

effects was used to obtain the low rigid body frequencies.

A single four-pound Ling V203 shake[ was used to excite the cantilevered test

sections. For the free-free tests, two four-pound Ling V203 shakers were required to

adequately excite the truss sections. The shaker stingers were attached to the test

sections at end batten frame Node Balls in directions skewed to principal modal

response directions in order to excite multiple target modes. A photo of the shaker

set-up is displayed in Figure 4-10. Bungee cords were also used to suspend the

shakers with the suspension modes of the shakers ranging from 0.3 Hz to

approximately 3.0 Hz.

Test instrumentation used to measure input force and acceleration responses on the

truss structure consisted of the following transducers:

1) Kistler 9712A5 low-impedance force transducers - 2 units.

2) Kistler 8630 and 8634 series low,impedance accelerometers - 55

units arranged in tri-axial, bi-axial, and uni-axial configurations.

3) Endevco 7701-100 piezoelectric accelerometers - 3 units used to

monitor base fixture response during cantilevered section testing.

An example of a Kistler tri-axial accelerometer block mounted to a truss Node Ball

during testing is shown in Figure 4-11.

The data acquisition/data analysis hardware system used for this test series was an

HP-3565S. This included a Hewlett Packard (HP) work station and five data

acquisition mainframes. The HP work station included the following equipment

components:

1) HP 9000 319C+ CPU/Controller with 16 Mbytes of RAM

2) HP 7959B 302 Mbyte System Disk
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3) HP 7957A 82 Mbyte Throughput Disk

4) HP 98785A Color Monitor

5) HP 33440A Laserjet Printer

6) HP 9144A Cartridge Tape Drive

The data acquisition mainframes contained input modules, source modules and a

signal processor module. The input modules were used to power the low-impedance

Kistler accelerometers and force gages as well as to acquire both low-impedance and

piezoelectric transducer outputs. After performing the analog to digital conversion

within each input module, the digitized data was transmitted from the input modules

through the signal processor module to the CPU for data analysis, display, and disk

storage, The two source modules generated the independent random analog signals

which, after amplification, were used to drive the shakers.

4.3.2 Data Acquisition/Data Analysis Software

The HP-VISTA data acquisition and analysis and SDRC I-DEAS TDAS TM modal data

analysis software packages are resident on the HP work station disk. During a typical

modal test, the use of HP-VISTA enables the data to be processed, displayed, and

stored to disk, and hard copies made of selected time histories and frequency

response functions. With HP-VISTA the test engineer enters all instrumentation labels

and calibration settings, shaker settings, and data processing parameters such as

windows, frequency lines, and frequency spans. All through-put time histories and

frequency response functions are saved in either HP-VISTA, universal file, or SDRC
I-DEAS TDAS TM format. SDRC I-DEAS TDAS TM software is used to extract the

measured natural frequencies, modal damping values, and mode shapes after the

testing is completed.

4.3.3 Test Conduct

Prior to performing each section test, the 240 in-lb torque for each strut tube to Node

Ball interface Nut was verified. Testing of a truss section with improperly torqued struts

could introduce non-linearities in the measured response data. An additional pretest

checkout was also performed to uncover potential problems with the instrumentation

system prior to the start of each test. The proper working condition of each and every

accelerometer used during a test was verified by exciting the truss structure with low

level random excitation. A roving accelerometer was attached to each truss

accelerometer and the two output signats compared to verify correct accelerometer

number, orientation, sign convention, frequency response, and output level. This

check was also useful in detecting damaged accelerometers and identifying
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incorrectly connected channels since free-free and cantilevered tests required different

instrument cable-acquisition system configurations.

The individual truss sections were subjected to continuous random excitation. The first

set of tests were conducted in a base band mode with typical base band frequency

ranges being 0 to 100 Hz, 0 to 200 Hz, and 0 to 400 Hz depending on the stiffness of

the section being tested. It was discovered early in the test series that the first and

second bending mode pairs are so closely spaced in frequency that the curve-fitting

algorithms normally used could not extract the modes as accurately as desired. This

led to performing additional random tests in the zoom mode. A typical zoom test range

was 12.5 Hz with 400 frequency lines. As a result of using the zoom mode process,

closely spaced bending modes were cleanly extracted from the response data.

Appendices C through F contain the test logs for each truss section which summarize

the various number of tests performed and the sets of frequency ranges used.

The continuous random responses from the input force gage(s) and the response

accelerometers were windowed with a Hanning window prior to the Fast Fourier

Transforms (FFT) calculations. Although the continuous random/Hanning window

technique can result in possible errors in estimated damping, it was appropriate for

this test because of the zoom processing employed for most modes. As described in

Reference 4, improvements to the continuous random technique are the burst random

with no window, or increased frequency resolution with zoom Fourier transforms. It

was verified in tests on a lightly damped (0.2%) cantilevered structure in the laboratory

that both techniques, when used in a zoom processing mode, resulted in modal

damping estimates which only slightly differed, 2.08% vs. 2.04%.

Another advantage of continuous random/Hanning window is that overlap processing
can be employed while it cannot be used with burst random/no window. The use of

the latter technique results in increased testing time, which was critical for this test

series. Even though burst random is generally the preferred technique, there are test

situations where the continuous random/Hanning window approach can be used to
obtain accurate results.

4.3.4 Test Data Acquisition/Analysis

All of the base band time history data was originally saved on the through-put disk

during testing. After completing each test, the data was played back for FFT

processing using the HP-VISTA software, The zoom data was analyzed directly with

the HP-VISTA software and therefore was not saved on the through-put disk. Since all

the tests were conducted using continuous random excitation, the time history data
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was windowed with a Hanning window prior to the FFT calculation. An average of 30

samples were used in calculating the resulting frequency response functions. In some

cases, overlap processing was also used in the data acquisition process to save time.

The detailed modal testing parameters associated with each test are summarized in

Appendices C through F. Immediately following each random test, the frequency

response functions were converted from HP-VISTA format into SDRC I-DEAS TDAS TM

Associated Data File (ADF) format using the HP Modal Data Manager program.

After completion of the random test series for a given test configuration, modal

parameters were extracted using SDRC I-DEAS TDAS TM software. Modal parameters

were generally extracted from the zoom modal test data due to the presence of the

closely spaced bending mode pairs. The orthogonality of the extracted mode shapes

was evaluated by computing the Modal Assurance Criteria (MAC) within TDAS. Modal

extraction parameters used to generate the modal characteristics of each test

configuration are presented in Appendices C through F. The names of the modal

parameter files and the files containing the coordinates of the accelerometer locations

are also included in these appendices.

4.4 MODAL TEST RESULTS

Immediately following each of the eight truss section modal tests, the quality of the

measured target modes test data (Section 4.3) was verified using RMAC, frequency

error, and cross-orthogonality comparisons with the predicted FEM normal modes

(Section 4.2). These comparisons are also the first step in determining the degree of

model correlation required in matching FEM modes with test data, if any. As

previously detailed in Section 4.2, the major emphasis was placed on the RMAC and

frequency error criteria in terms of evaluating test data versus FEM predictions. Due to

the apparent uncertainty associated with the Guyan reduced mass matrices,

cross-orthogonality comparisons were generated but used only as a secondary
criteria.

4.4.1 Frequency Response Functions

Typical base band Frequency Response Functions (FRF's) generated from each of the

eight modal surveys are shown in Figures 4-i2 through 4-19. The FRF's are based on

truss tip acceleration response as a function of applied force input at the truss tip.

Inspection of the FRF's shows the strong presence of the seven target modes for each

test configuration. Due to the closely spaced bending modes being at nearly the same

frequency, the individual FRF peaks within a mode pair are not easily distinguishable
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given the resolution of the plots. Figure 4-20, which shows a higher resolution FRF

plot of two closely spaced first bending modes (Section-3 cantilevered), demonstrates

the clean separation within the mode pair. This data quality is representative of all of

the closely spaced bending modes which resulted in the test modes being extracted

with a high degree of confidence.

Higher order truss modes above 400 Hz can be observed in the Section-1 and

Section-4 free-free FRF plots (Figures 4-13 and 4-19). These are believed to be

associated with local strut bending. The first measured axial modes of these two truss

sections are well above 400 Hz and may be coupled with the local strut bending

modes, complicating the mode shape behavior.

4.4.2 Test Mode Modal Assurance Criterion Results

Shape orthogonality of the extracted test modes was computed using the Modal

Assurance Criterion (MAC). The results are presented in Tables 4-15 through 4-22.

For each of the eight modal tests, the off'diagonal terms between the seven target

modes are significantly less than 0.100 which satisfies the criteria for orthogonal

modes. The largest off-diagonal value computed between the target modes is 0.073

which strongly indicates that the measured mode shapes are uncoupled.

It should be noted that some of the MAC matrices contain extracted higher order

bending modes which are not part of the target set. The orthogonality of these modes

should be ignored since no attempt was made to accurately capture these higher

order bending modes during the development of the pretest TAM's. Mass weighted

mode shape orthogonality values computed using the pretest TAM mass matrices are

not presented due to the uncertainty associated with the Guyan reduction.

4.4.3 Mode Shape and Frequency Error Comparisons

The results of the RMAC, cross-orthogonality, and frequency error comparisons

between the measured test modes and updated pretest FEM normal modes are shown

in Tables 4-23 through 4-30. As in the TAM vs. FEM comparisons in Section 4.2,

linear recombination of closely spaced bending mode pairs was required in order to

obtain an one-to-one orientation between the test and analysis modes. For this case,
the transformation between the sets of modes was not a function of the model

reduction process since the TAM modes were not involved. The observed frequency

spacing of less than 1% within a pair of closely spaced modes indicates a very high

sensitivity to small mass and stiffness perturbations in the truss structure. This is one

possible explanation for the test modes being rotated with respect to the FEM modes.
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Table 4-15 Modal Assurance Criteria (MAC) for
Cantilevered Truss Test Modes

Section-1

1 2 3 4 5 6 7 8 9

1

2

3

4

5

6

7

8

9

I .000

0.000

0.000

0i026

0.018

0.000

I.000

0.000

0.000

0.000

1.000

0.015 0.000

0.024 0.000

0.000

0.018

0.024

0.000

0.000
..... ;.;.>:..,>:.;, : :

:.:: :+ >;+:.;.: ;+:.:.: .:

idi026

0.015

0.000

1.000

0.002

0.000

0.007

0.002

0.003

0.000

0.011

0.000

0.045

0.001

0.081

0.015

0.000

0.008
i:_:!:_:?_:_:??!:!:!:!:!:!:i:i

._i0iOi_6

0.000

0.002 0.000 0.007 0.002 0.003

1.000 0.000 0.008 0.012 0.001

0.000 1.000 0.010 0.0180.000 0.011 0.001

0.000 0.045 0.001 0.008 0.010 1.000 0.036 0.019

0.081 0.000 0.012 0.018 0.036 1.000 0.001

0.0190.008 0.000 0.001 0.0010.001

0.015
: ::::::::::::::::::::::::::::::

0_026:
lii ....

1.000

(TEST MODES 7 & 8 NOT TARGET MODES)

Table 4-16 Modal Assurance Criteria (MAC) for Section-1
Free-Free Truss Test Modes

1 1.000

2 0.000

3 0.000

4 0.000

5 0.000

6 0.000

7 0.000

1 2 3 4 5 6 7

0.000 0.000 0.000 0.000 0.000 0.000

1.000 0.001 0.000 0.000 0.000 0.001

0.001 1.000 0.000 0.000 0.000 0.000

_iiiii;ii'oli:9_tSi:ii!;i0.000 0.000 1.000 0.000 0.000

0.000 0.000 0.000 1.000 0.012 0.000

0.000 0.000 0.000 0.012 1.000 0.000
:::::::::::::::::::::::::::::::::::::::

0.001 0.000 i.!1Q;i02..51! 0.000 0.000 1.000

LARGEST OFF-DIAGONAL VALUE
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Table 4-17 Modal Assurance Criteria (MAC) for
Cantilevered Truss Test Modes

Section-2

1 2 3 4 5 6 7 8 9
:i::::8;::::: t: ::.;.:.

1.000 0.001 0.000 _0 04:5 0.002 0.000 0.078 0.008 0.001

0.001 ! ,000 0.000 0.001 0.043 0.000 0.001 0,001 0.055

0.000 0.000 1.000 0.000 0.000 0.000 0.002 0.01 t 0.000
T I r

:i::i:!$ :::::::::::::::::::::::::: o.ool o.ooo 1:ooo o.ooo o.ooo 0.005 o.ooo o.ooo
0.002 0.043 0.000 0.000 1.000 0.000 0.000 0.000 0.009

0.000 0.000 0.000 0.000 0.000 1.000 0.007 0.000 0.000

0.078 0.001 0.002 0.005 0.000 0.007 1.000 0,017 0.001

0.008 0.001 0.011 0.000 0.000 0.000 0.017 1.000 0.017

0.001 0.055 0.000 0.000 0.009 0.000 0.001 0.017 1.000

(TEST MODES 7 & 9 NOT TARGET MODES)

Table 4-18 Modal Assurance Criteria (MAC) for

Free-Free Truss Test Modes

Section-2

1 2 3 4 5 6 7 8 9
::::::::::::::::::::::::::::::::::::::

0.000 0.000 0.000 0.000 0,001 0.201 0.0061

2

3

4

5

6

7

8

9

1.000

1.000 0.000 0.000 0.000 0.000 0.117 0.002 0.001

0.000 0.000 1.000 0.000 0.000 0.000 0.001 0.000 0.000

0.000 0.005 0.001 0.0000.000

0.000

0.000

0.001

0.201

0.006

0.000

0.000

0.000

0.117

0.002

0.001

0.000

0.000

0.000

0.001

0.000

0.000

1.000

0.007

0.000

0.005

0.001

0.000

O.OO7

1.000

0.000

0.002

0.000

0.000

0.000

1.000

0.006

0.001

0.000

0.002

0.006

1.000

0.000

0.001

0.000

0.001

0.000

1.000

0.012

0.000

0.000

0.001

0.012

1.000

(TEST MODES 7 & 8 NOT TARGET MODES)

I I LARGEST OFF-DIAGONAL VALUE
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Table4-19 Modal Assurance Criteria (MAC) for Section-3

Cantilevered Truss Test Modes

1

2

3

4

5

6

7

1 2 3 4

1.000 0.001 0.000

5 6 7

0.012 0.000 0.002

0.001 1.000 0.000 0.008 0.031 0.000 0.002

0.000 0.000 1.000 0.000 0.000 0.010 0.001
:::::::::::::::::::::::::::::::::::::::

0.008 0.000 1.000 0.007 0.000 0.001

0.012 0.031 0.000 0.007 1.000 0.000 0.000

0.000 0.000 0.010 I 0.000 0.000 1.000 0.003
]

0.002 0.002 0.001 0.001 0.000 0.003 1.000

Table 4-20 Modal Assurance Criteria (MAC) for

Free-Free Truss Test Modes

Section-3

1 2 3 4 5 6 7

1.000 0.005 0.000 0.000 0.000 0.000 0.000

0.005 1.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 1.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 1.000 0.001 0.003

0.000 0.000 0.000 0,001 1.000 0.008 0.000

0.000 0.000 0.000 0.008 1.000 0.000

0.000 0.000 0.000 0.000 0.000 1.000

1

2

3

4

5

6

7

0.003
..... _,, IL

: -,:=:,:,:,:,:.:=:=:.:.:.:.-.:.:.:.:+:+:,

li il LARGEST OFF-DIAGONAL VALUE
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Table 4-21 Modal Assurance Criteria (MAC) for

Cantilevered Truss Test Modes

Section-4

1 2 3 4 5 6 7

 .ooo o.oo, o.ooo o.ooo o.ooo o.oo 
0.001 1.000 0.000 0.040 0.000 0.000 0.031

0.000 0.000 1.000 0.000 0.000 0.009 0.000

0.007

1

2

3

4

5

6

7

0.000 0.040 0.000 1.000 0.004

1.000

0.000

0.000 0.000 0.004 0.000 0.002

0,000 0.000 0.009 0.000 0.000 1.000 0.009

0.005 0.031 0.000 0.007 0.002 0.009 1.000

Table4-22 Modal Assurance Criteria (MAC) for

Free-Free Truss Test Modes

Section-4

1 2 3 4 5 6 7

1.000 0.000 0.000 0.000 0.000 0.000 0.008
.m

0.000 1.000 0.001 0.000 0.000 0.000 0.004

0.000 0.000 0.000 0.000

1

2

3

4

5

6

7

0.000

0.000

0.000

0.000

0.008

0.001

0.000

0.000

0.000

0.004

1.000

0.000

0.000

0.000

0.000

1.000

0.000

0.000

0.000

I .000

0.010

0.000

0.000

0.010

1.000

0.000

0.073

0.000

0.000

1.000

LARGEST OFF-DIAGONAL VALUE
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Table 4-31 lists the transformation angles used in linearly combining the closely

spaced FEM bending modes.

A review of the linearly combined RMAC results presented in Tables 4-23 through

4-30 for the eight truss test sections shows near-perfect mode shape correlation

between the test and FEM bending and torsion target modes (B-l, B-2, T-l, T-2). For

all four cantilevered tests, the bending and torsion mode RMAC values are a perfect

i.00. The free-free configuration results are equally impressive having 1.00 RMAC

values for all bending and torsion modes except the second bending modes in

Sections 3 and 4 whose values are above 0.97.

Comparison of test vs. FEM axial modes produces a wider spread in RMAC results

with 5 out of the 8 values above 0.95, two in the 0.80 range, and a low of 0.74. In

general, the axial test modes do not compare as well with the FEM as the bending and

torsion modes. This result is not surprising since in all but one test the axial modes

were the highest frequency mode where the potential for coupling with the local strut

modes is the greatest. In addition, the majority of the accelerometers channels

measured vertical and lateral response, and not pure axial motion. MSC/NASTRAN

finite element mode shape plots of the se-ven target modes for each section test are

contained in Appendices C through F which correspond to the four truss section types.

Undeformed mesh plots which show the grid numbering used for each truss section

are also included in the appendices.

Cross-orthogonality comparisons based on the Guyan reduced mass matrix were

generated using the linearly combined mode set for completeness and are included in

the tables for reference. Fortunately, as discussed previously in Section 4.2, the

RMAC calculation is nearly equivalent !o th_ cr0ss-orthogonality calculations given the
uniform mass distribution of the truss structure. Therefore, given the excellent results

obtained using RMAC, the absence of-quality cross-orthogonality data does not

adversely effect the evaluation process. _....

Comparisons between the measured test and predicted FEM target mode frequencies

show all of the frequency errors to be less than 6.2% for the bending and torsion

modes with the overall average absolute frequency error for all eight tests excluding

axial modes being only 2.7%. For the four cantilevered section tests, the largest

individual frequency error for the non-axial modes is only 4.0% (Section-I) with an

average error of just 1.9%. In general, the best frequency matches between test and

FEM occur for the cantilevered tests. The best overall bending and torsion frequency

matches considering both the cantilevered and free-free configurations are obtained

4-49



Table 4-31 FEM Bending Mode Pairs Linear Combination

Angles Based on FEM vs Test RMAC Results

TRUSS B-1 ANGLES B-2 ANGLES

CONFIGURATION (DEGREES) (DEGREES)

Section-1 Free-Free 10.9 19,4

!Section-1 Cantilevered 42.3 0.0

Section-2 Free-Free 0.0 1 2.0

Section-2 Cantilevered 11.5 0.0

Section-3 Free-Free 36.4 11.5

Section-3 Cantilevered 42.7 32.3

Section-4 Free-Free 18.4 10.9

Section-4 Cantilevered 32.3 39.9

Table 4-32 Measured Modal Damping

TEST B - 1 T - 1 B - 2 T - 2 AXIAL

SEC-1 CANT 0.18 / 0.18 0,17 0.19 / 0.15 0.13 0.31

SEC-1 F-F 0.15 / 0.14 0.16 0.10 / 0.08 0.11 0.13

SEC-2 CANT 0,13 / 0.10 0.27 0.15 / 0.13 0.20 0.27
r q

SEC-2 F-F 0.12 / 0.16 0.15 0.15 / 0.10 0.09 0.08

SEC-3 CANT 0.16 / 0.18 0.13 0.18 / 0,17 0.19 0.58

SEC-3 F-F 0.20 / 0.14 0.14 0.10 / 0.13 0.13 0.13

SEC-4 CANT 0.14 / 0.16 0,15 0.17 / 0.12 0.20 0.69

SEC-4 F-F 0.11 / 0.16 0.23 0.10 / 0.08 0.14 0.11

AVERAGE 0.1 5 0.1 7 0.1 3 0.1 5 0.29
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for the Section-2 tests (average error = 1.5%) while the largest frequency errors occur

for the Section-1 tests (average error = 3.9%).

With regard to axial modes, measured test and predicted FEM frequencies differ by an

average of 5.1% with the largest frequency error in any single test being 9.0%. The

axial modes accounted for the largest target mode frequency error for five out of the

eight tests performed.

Overall, the frequency comparisons between the test and updated pretest FEM modes

for all eight tests are excellent, especially with regard to the bending and torsion

modes. These frequency results, combined with the RMAC data already presented,

corroborate the high quality of the measured modal test data. In addition, the near-

perfect mode shape comparisons along with frequency errors generally well below 5%

indicate the need for few adjustments in the post-test model correlation.

4.4.4 Modal Damping

Modal damping values extracted from the truss section test data (continuous random

with Hanning window) are shown in Table 4-32 for each test. The B-1 and B-2

columns each contain two values corresponding to the closely spaced bending mode

pairs. A value of 1.00 represents a critically damped structure. Measured damping

values range from 0.10 - 0.20 with an average of 0.15 for the first bending modes and

from 0.08 - 0.19 with an average of 0.13 for the second bending modes. Torsional

modes exhibit damping levels similar to the bending modes with averages of 0.17 and

0.15 corresponding to the first and second modes, respectively. Only damping values

associated with the axial modes show large variations between tests, ranging from as

low as 0.08 to as high as 0.69 with the average being 0.29. The CEM Phase 1 truss

sections are lightly damped typical of a truss with stiff, highly preloaded erectable
joints.

4.4.5 Improved Reduction System (IRS) Method Test Case

As previously discussed in detail in both the pretest and post-test analysis sections of

the report, the Guyan static reduction method was inadequate for developing accurate

TAM's of the CSI truss section models. The primary reason for the overall poor TAM

performance was the offsetting of the sensor masses from the Node Ball centers which

resulted in the static reduction being performed at DOF's which accounted for less

than 5% of the total structure mass. In theory, the Guyan method assumes that no

forces act on the omitted DOF's (Node Balls), a poor assumption in this case. The
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mass offset resulted in poor prediction of the closely spaced bending mode pair

frequencies.

A static reduction technique referred to as the Improved Reduction System (IRS)

method was identified as a possible solution to the TAM problem. It includes the mass

effects of the omitted DOF's. Unfortunately, due to schedule constraints, evaluation of

the IRS method could not be performed until after the full analysis cycle had been

completed. With the post-test analysis milestones successfully met, limited resources

were made available to investigate the benefits of using the IRS reduction method in

place of the Guyan technique. The Section-1 Free-Free configuration FEM was
chosen as the test case since its Guyan reduced model generated the largest errors

during the pretest analysis.

Table 4-33 shows the results of computing the Section-1 Free-Free pretest TAM using

the IRS method. All of the frequency errors between the IRS TAM and FEM are below

1% and all of the linearly combined cross-orthogonality values are above 0.90. These

excellent results are a tremendous improvement over the Guyan TAM results shown

previously in Table 4-7. The TAM generated using the IRS reduction method fully

captured the dynamics of the CSI truss section including the nearly identical

frequencies of the closely spaced bending mode pairs.

The newly generated IRS reduced mass matrix was used to compute test vs. FEM

post-test cross-orthogonality values as shown in Table 4-34 for the same Section-1

test case. Comparison of these results with cross-orthogonality data computed earlier

using the original Guyan reduced mass matrix (Table 4-24) indicates a significant

improvement as a result of using the IRS method. Linearly combined

cross-orthogonality values between test and FEM are all above 0.90 for the IRS case

with the exception of a second bending (0.88) and the axial mode (0.84). In contrast,

only one of the modes for the Guyan case has a cross-orthogonality greater than 0.90

and two of the modes are below 0.70.

Overall, the IRS static reduction method is significantly more accurate than the Guyan

method in capturing the dynamics of the CSI truss section models with offset sensors.

Performing the reduction at the offset sensor DOF's was not a problem for the IRS

method. Though the IRS method is significantly better than the Guyan method, it was

determined that there was no need to generate new reduced mass matrices using the

IRS method in order to update the cross-orthogonality calculations as part of this

report. The excellent agreement demonstrated between the FEM models and the

measured modal test data using only the RMAC and frequency error criteria eliminated

the need for improved cross-orthogonality calculations.
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4.5 TRUSS SECTION DYNAMIC TEST SUMMARY

Dynamic testing of the four CSI truss sections in both the free-free and cantilevered

configurations was successfully completed with measured frequency, damping, and

mode shape modal parameters for the seven target modes used to fully describe the

dynamic characteristics of each test section. Comparisons of test data versus updated

FEM predictions show the truss structure dynamic behavior to be highly predictable

and linear. Test modes were shown to be shape-orthogonal with all off-diagonal MAC

terms less than 0.100.

The frequency and mode shape comparisons between the test and updated pretest

FEM modes for all eight tests were excellent, especially with regard to the bending

and torsion target modes. The near-perfect shape comparisons computed using

RMAC combined with frequency errors generally well below 5% indicate the need for

very few adjustments during the post-test model correlation, if any. Linear

recombination of the closely spaced FEM bending mode pairs was necessary prior to

computing RMAC values in order to obtain an apple-to-apples comparison between

the test and analysis bending modes. Axial modes did not compare as well between

test and analysis with an average frequency error of 5.1% and RMAC values below

0.95 for three out of the eight tests.

The Guyan reduction method used to compute the TAM's did not fully capture the

dynamic behavior of the truss sections mainly because of the offset between the

sensor DOF's and the truss Node Ball degrees-of-freedom. For this reason, the

post-test cross-orthogonality values computed using the Guyan reduced mass matrix

were ignored, and post-test comparisons were made using the RMAC criterion, which

is independent of the accuracy of the reduced mass matrix. An improved static

reduction technique referred to as the Improved Reduction System (IRS) was

evaluated and found to be significantly more accurate than the Guyan reduction

method when used on the CSI truss section models with offset sensors. Test versus

FEM cross-orthogonality results computed using the IRS reduced mass matrix for a

single test case fully corroborate the RMAC results used to demonstrate the excellent

shape correlation.
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5.0 TRUSS SECTION STATIC TESTS

This section describes the static tests that were conducted by LMSC on the four

unique CEM Phase 1 truss sections. The purpose of the static truss section tests was

to supplement the dynamic truss section testing with static test data that can be used in

correlating the finite element models, if necessary. Bending and torsion tip loads were

applied to 10-bay sections of truss in order to quantify their stiffness over the load

range they would expect to see in use. The following sections describe the approach,

test setup, test procedure, sample data, and results for these tests.

5.1 APPROACH

The truss section test plan is shown in Table 5-1. Eight bending and eight torsion tests

were conducted on the same four cantilevered 10-bay truss sections that were tested

dynamically in Section 4.0. In order to be consistent with the individual strut static

tests, the truss section static tests were designed to exercise the struts over the same

load range. As discussed in Section 3.1, the load range was established for each strut

size by taking the absolute value of the worst-case CEM static load and adding 300 Ibs

to conservatively account for dynamic loads. Table 5-1 shows the desired peak

Longeron and Diagonal struts loads and the associated maximum applied tip loads

and moments used in the truss section tests. For the bending tests, different upward

and downward tip shear loads were specified so that the combined effects of the tip

load and the gravity loading did not exceed the desired Longeron load range. While

the transition from upward to downward applied bending loads was accomplished

continuously in the same truss test, the clockwise and counter-clockwise torsional

loads were applied in separate, distinct tests.

All of the truss section static tests were conducted using EnerPak Model RD-93

hydraulic cylinders to apply the tip load through a loading plate affixed to the end of

the truss. A strain gage bridge load cell was used to measure the applied load. Strut

member strains were measured in the four Longerons and four Diagonals in the first

truss bay located at the root of the_cantilevered section. Displacements were

measured at six locations at the mid-section and tip of the truss using Kaman Model

KD2310-6U non-contact proximity sensors provided by NASA/LaRC. Additional

DCDT displacement and rotation sensors were also used in specific instances to
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check out the test setup and validate that the test fixture was not moving. A Daytronic

System 10 data acquisition system was used to collect the data.

5.1.1 Description of Truss Section Test Setup

The cantiieve red 10-bay tr_ss _sec_i0n st&ff_e_t -set0pis illustrated in +Figure _S-'I: ++_'his

figure shows the entire_est setup, including the test fixture consisting of two I-beams

and the cantilever support base, the six Kaman sensors (K-1 through K-6), the

hydraulic force actuators (L-l), and an extra DCDT (D-l).

Figure 5-2 shows the location of the eight truss struts where strains were measured,

labelled A through H. Three strain gages were applied at strut tube mid-section at
120 ° intervals around the circumference of each strut member. Note that while the

truss face location of the diagonals E, F, G, and H are uniquely determined in Figure 5-

2, the orientation of the diagonals within the truss face are not. The orientation shown

is appropriate for truss Sections-I, -3 and -4, but is reversed for Section-2 (see

Appendix B for detailed maps of truss strut identification, location, and orientation).
Table 5-2 lists the strut identification numbers and the associated gage factors for the

strain gages. These particular struts were delivered to NASA/LaRC with the gages left

on so that they may be used in suspended CEM assembly tests, if desired.

Figure 5-3 shows the location and sensing direction of the six Kaman proximity
sensors. These sensors had a resolution of 0.1 mils. Three of the sensors are located

on the batten frame at the mid-section of the truss (dividing bays five and six) and three

are located at the tip of the truss behind the tip plate. Kaman sensors (1) and (4)
measure deflections in the vertical direction while Kaman sensors (2), (3), (5), and (6)

measure deflection in the transverse direction. Additional views of the Kaman sensor
+ _

locations are provided in Figures 5-1 and 5-4. Figure 5-5 provides a close-up of the
K-1 sensor installation. The 6-inch OD aluminum targets are bolted to the truss Node

Balls such that the sensed surface is offset approximately 1.475 inches from the

centroid of the Node Ball. The proximity sensors themselves are supported

independently by fixturing, and are located 0.6 inches from the targets. Part of the K-3

sensor target is also visible in the lower part of the figure. Figure 5-5 also shows the

attachment of the tip plate to the end of the truss and the bending load application

fixture at the right of the photograph.

The bending and torsion load application fixtures are shown schematically in Figure

5-6. The tip shear load for bending is applied through a clevis pin attached to the 0.5

inch thick tip plate (Figures 5-6a and 5-7). The load application point is 3.35 inches

from the plane formed by the centroids of the four Node Balls at the tip of the truss.
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Table 5-2 Strain Gage Strut Assignments

STRAINi
GAGE

NO.
z

TRUSS
MEMBER

SG-1 \ LONGERONSG-2 / (A)
SG-3]

( SG-4_ LONGERONSG-5] (B)
SG-6]

¢SG-7) LONGERONI SG-8 (C)
SG-9

SG-10) LONGERONSG-I 1 (D)
SG-12

SG-13\ DIAGONAL
SG-14I (E)

SG-15] LEFr

SG-16_ DIAGONAL
SG-17 ) (1=)
SG-18) RIGHT

¢SG-19 _ DIAGONAL

i SG-20 ) (G)

_SG-21) TOP

TRUSS SECTION STRUT IDENTIFICATION

, TRUSS NO. I

1L052

1L050

1L051

1L057

D138

D300

D301

[TRUSS NO.2

2L081

2L102

2L104

2L101

DI21

Dl18

Dill

DI06[ SG-22 _ DIAGONAL

| SG-23 1 (H)

,. \SG-24] BOTTOM

D218

[TRUSS NO.3

3L042

3L031

3L049

3L033

D185

D149

D173

D162

[TRUSS NO.4

4L013

4L026

4L005

4L037

D010

D270

D256

D198

TRUSS
NO.

MICRO-MEASUREMENTS STRAIN GAGES

IDENTIHCATION & GAGE FACTOR (GF)
AS APPLIED TO TRUSS SECTION STRUTS

GAGE TYPE GF GAGES
AFFECTED

STRUTS
AFFECTED

1 CEA-13-125UW-350 2,15 ALL ALL

2 CEA-13-125UW-350 2.135 1----9 8, 13--24 ALL except
CEA-13-125UW-120 2.12 I0, 11, &12 2L104

3 CEA-13-125UW-350 2.145 ALL ALL

4 CEA- 13-125 UW-350___0____: 2.15 ALL ALL
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M8127F2Fig. 5-5

Figure 5-5 Applied Bending Load Fixture and Kaman Sensor No. 1
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The load cell is connected in series with the center hydraulic cylinder (Figure 5-8), and

has a resolution of 0.1 Ibs. The tip moment load for torsion is applied through a load

cable in series with a load cell. The load cable is wrapped around the circumference

of a 12-inch OD torque wheel which is supported on a bearing (Figure 5-6b). The load

direction is changed from clockwise (CW) to counter-clockwise (CCW) by using either

the right or left hydraulic cylinders shown in Figure 5-8 and changing the wrap

direction of the loading cable. Further details of the CCW torsion test setup are

provided in Figures 5-9 and 5-10.

5.1.2 Test Setup Assembly Procedure

Because the demanding schedule required that the dynamic and static truss section

tests be conducted in parallel in separate facilities, the dynamic test setup could not be

used for the static tests. Instead, the truss was assembled onto a duplicate cantilever

base fixture identical to that used in the dynamic tests (see Section 4.0), but located in

the LMSC Building 255 Structural Mechanics test laboratory. The individual member

struts were located in the exact same positions within the truss, as indicated in

Appendix B. In fact, only the four Longerons and four Diagonals which interface with

the cantilever support base were disconnected for the transfer - the rest of the truss

was left intact (Figure 5-11). Nonetheless, all strut Nuts were re-torqued to the

specified 240 in-lbs prior to static testing in order to ensure that the proper preload

level was maintained. Note also that during the assembly of the truss sections, the

"equatorial" and "polar axis" orientations of the Node Ball (Figure 3-7) were

maintained in the same directions as they would be on the assembled CEM Phase 1

structure.

The assembly procedure proceeds as follows:

A. Install Strain-Gaged Struts-

1. Install Standoffs (8 req'd) to the steel half Section Node Balls

on the Cantilever Support Base to match the Longeron and

Diagonal Strut arrangement per Truss configuration per

Figure 5-2. Torque Screws to 210 inch pounds.

2. Attach the strain-gaged Longeron and Diagonal Struts to

the Support Base half Nodes using 2-turns of the required Nuts,

but do not torque at this time

B. Position The Truss:

1. Place six leveling jacks (see Figure 5-12), three equally dis-

tributed on each 6-inch steel I-beam support
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,_8127F2Fig.5-8

Figure 5-8 Hydraulic Cylinders for Applied Bending and Torsion Loads
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M8127F2F_g. 5-9

Figure 5-9 Side View of Torsion Load Application Fixture

5-14

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



!

M8127F2Fig. 5-10

Figure 5-10 Torsion Test Setup for Counter-Clockwise Loading
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M8127F2Fig. S-12

Figure 5-12 Typical Leveling Jack Support and Kaman No. 4 and 5
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2. Place the partially assembled truss section on the leveling

jacks (supporting it at the Node Balls) as close as practicable to

the Cantilever Support Base, allowing for the lengths of the Longerons

3. Adjust the jacks until good alignment of the whole truss
section is obtained.

C. Attach Partially Completed Truss Section

1. By a series of alignment moves bring the partially completed

truss section into contact with the strain-gaged Longerons and

Diagonals such that the Nuts can be finger threaded for two

turns at a time until the truss is in its final position and all

the Nuts are finger tight.

2. Complete the assembly by torquing each Nut to 240 in-lbs.

D. Attach Sensors & Actuators to Truss

1. Attach strain gage wiring

2. Attach tip plate (note truss should still be supported by jacks)

3. Attach Kaman sensor targets and center Kaman sensors above

the targets

4. Attach bending or torsion actuator fixturing to truss tip plate

5.2 TRUSS SECTION TEST PROCEDURE

Prior to testing, the Kaman sensors are calibrated according to the manufacturer's

instructions using the O.5-inch and 1.0-inch ceramic spacers provided by NASA/LaRC.

In addition, the ramp rate for the hydraulic cylinders is calibrated prior to connection to

the truss. Next, the hydraulic cylinders are connected with the truss tip supported in

the zero-deflection position. At this time, the jacks are removed from beneath the truss

and the strain gages, Kaman sensors, and the load cell are zeroed. In this way, the

effects of gravity are eliminated for the load cell and truss tip Kaman sensors, and

minimized for the strain gage and mid-truss Kaman sensors.

Prior to each truss section bending or torsion test, a complete run-through of the test

sequence is conducted at 50% load to checkout the test setup, verify the programming

and operation of the Daytronic system, and establish the relationship between the

strain in the struts at the root and the applied load. This relationship is then used to set

the strain level corresponding to the peak load value and the 100% test is conducted

automatically by issuing a start command to the Daytronic. Figure 5-13 shows the load

profiles used in the bending tests while Figures 5-14 and 5-15 show the torque profiles
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for the torsion tests. The different shape for the torque profile for Section-3 was

obtained by using position control, rather than the force control used for the later tests.

5.3 TRUSS SECTION TEST RESULTS

Overall, the truss section test data is characterized by very tight, linear, and repeatable

force-displacement curves characteristic of a well-preloaded erectable structure with

little or no hysteresis. Since a large amount of data was taken (30 channels X 12

tests), this section will review the data from truss Section-4, which was- typical of the

data for all the truss sections. Data from truss Sections -1 through -3 is provided in

Appendix G. Reduced data from all the tests (in terms of flexibility influence

coefficients) is presented at the conclusion of this section in order to facilitate

comparisons with analytical predictions and provide an overview of the overall

performance.

Typical bending test data for truss Section -4 is provided in Figure 5-16. The K1 and

K4 sensors are aligned with the direction of the applied loading. Note that K2, K3, K5

and K6 Kaman sensors typically registered on the order of only 5 - 10 mils of

displacement, indicating that little or no out-of-plane motion occurred and that there

was no bending-torsion coupling.

Typical counter-clockwise torsion test displacement data for truss Section-4 is

provided in Figure 5-17. Note that all of the slopes are approximately the same for
each sensor, which is indicative of a pure torsion response. This behavior was noted

in all the counter-clockwise torsion data. For comparison, typical clockwise torsion test

data for truss Section-4 is shown in Figure 5-18. In this case, the K1 and K3 slopes

are approximately the same, but the K2 slope is different. This pattern suggests that

some bending is occurring, and is characteristic of all the clockwise torsion data, with

the exception of truss Section-3 (Figure 5-19).

Although model correlation was outside the scope of the contracted effort, some

modeling was done in order to facilitate comparisons between predicted and test data,

and thereby check the data quality. A finite element model was constructed using the

updated truss member weight and stiffness properties resulting from the individual

strut tests (Table 3-7). This model included appropriate geometric offsets (indicated by

the circles in Figure 5-20) for the Kaman sensor targets and the load application point,

including the tip plate. Unit tip shear and moment loads were applied to the analytical

model and displacement results were obtained at the Kaman sensor locations. These
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Section 4 Bending Test
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Section 4 Counter ClockwiseTorsion Test
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Section 4 Clockwise Torsion Test
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Section 3 Clockwise Torsion Test
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displacements correspond to flexibility influence coefficients at the Kaman sensor
locations.

As part of a "spot check" of the test data, Table 5-3 compares the flexibility influence

coefficients predicted by the finite element model with those obtained from the test

data for each Kaman sensor. The test data coefficients are obtained in an

approximate sense by dividing the peak force into the peak deflection for each

channel. Bending test data is not presented for K2, K3, K5, and K6 because no

significant response was measured and the analytical model predicts zero response at
these locations.

Overall, the bending test results show good agreement with the analytical predictions.

The average displacement error is 5.7%, which would correspond to an average

frequency error of 2.8% if one assumes all the error is in the stiffness matrix and not

the mass matrix (frequency is proportional to the square root of stiffness). Therefore,

the bending test errors are consistent with those presented in the previous section for

the dynamic section tests (Section 4.0). Thus, the static section bending test results

corroborate both the strut test results in Section 3.0 and the dynamic section test
results in Section 4.0.

Overall, the counter-clockwise torsion test results also show good agreement with the

analytical predictions, with an average displacement error of 7.61%. The average
displacement error for the clockwise torsion tests is a larger 12.6%. The increase is

primarily due to the bending behavior observed in the data for truss Sections -1, -2,

and -4. It is strongly suspected that the torsional load application apparatus

introduced some bending loads into these tests. The corresponding average

frequency errors for the counter-clockwise and clockwise tests are 3.7% and 6.1%,

respectively.

Since a model correlation effort was outside the scope of this effort, no further

analyses were performed. Further, more rigorous model correlation efforts may be

warranted, particularly with respect to an investigation of the clockwise torsion test

anomaly. On the other hand, given the close agreement between the analytical

predictions and the dynamic test results presented in Sections 4.0 and 6.0, further

static test model correlation may be superfluous, and it may be more appropriate to

concentrate on dynamic test model correlation activities.
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Kaman

Sensor

K1

K2

K3

K4

K5

K6

Table 5-3 Spot Check of Section Static Test Results

Bending Bending

Updated FEM Test
1.21E-03 1.24E-03

4,07E-04 4.52E-04

Section 1

Error Torsion

(%) Updated FEM
2,42%

9.96%

1.74E-05

1.74E-05

1.74E-05

8.71E-06

8.71E-06

8.71E-06

Torsion CW

Test Error (%)

-32.82%

-20.83%

-5.45%

-26.44%

-6.76%

-18.69%

Torsion CCW

Test

1.31E-05

1.44E-05

1.65E-05

6.89E-06

8.16E-06

7.34E-06

1.58E-05

1.59E-05

1.62E-05

7.77E-06

7.94E-06

7.55E-06

Error (%)

-10.13%

-9.43%

-7.41%

-12.12%

-9.72%

-15.39%

Kaman

Sensor

K1

K2

K3

K4

K5

K6

Bendlng Bendlng

Updated FEM Test
3.70E-03 3.81E-03

1.18E-03 1.24E-03

Error

(%)
2.96%

4.45%

Section 2

Torsion Torsion CW Torsion CCW

Updated FEM Test Test
1.68E-05

1.68E-05

1.68E-05

8.38E-06

8.38E-06

8.38E-06

1.35E-05

1.40E-05

1.70E-05

7.38E-06

8.40E-06

7.57E-06

Error (%)
-24.08%

-19.66%

1.00%

-13.55%

0.19%

-10.66%

1.60E-05

1.58E-05

1.74E-05

8.42E-06

8.68E-06

8.00E-06

Error (%)

-5.00%

-6.06%

3.45%

0.48%

3.46%

-4.75%

Kaman

Sensor

K1

K2

K3

K4

K5

K6

Bending Bending

Updated FEM Test
2.17E-03 2.34E-03

7.05E-04 7,98E-04

Error

(%)
7.37%

11.61%

Section 3

Torsion

Updated FEM
1.94E-05

1.94E-05

1,94E-05

9.68E-06

9.68E-06

9.68E-06

Torsion CW

Test Error (%)
5.72%

5.26%

5.03%

1.64%

0.63%

-5.66%

Torsion CCW

Test

2.06E-05

2.05E-05

2.04E-05

9.84E-06

9.74E-06

9.16E-06

1.99E-05

2.10E-05

2.07E-05

1.01E-05

8.94E-06

1.16E-05

2.53%

7.67%

6.27%

4.24%

-8.32%

16.52%

Kaman

Sensor

K1

K2

K3

K4

K5

K6

Bending Bending

Updated FEM Test
1.51E-03 1.52E-03

4.99E-04 5.32E-04

Error

(%)
0.79%

6.33%

Note: Units are Iin/Ibl and Iin/in-lbl

Section 4

Torsion Torsion CW Torsion CCW

Updated FEM Test Test
1.81E-05

1.81E-05

1.81E-05

9.07E-06

9.07E-06

9.07E-06

1.49E-05

1.45E-05

1.71E-05

7.50E-06

8.31E-06

7.85E-06

Error (%)
-21.49%

-25.00%

-5.91%

-20.91%

-9.10%

-15.52%

1.71 E-05

1.61E-05

1.74E-05

8.35E-06

8.43E-06

8.21E-06

Error (°/o)
-6.05%

-12.66%

-4.33%

-8.55%

-7.64%

-10.42%

5-29



5.4 TRUSS SECTION STATIC TEST SUMMARY

In summary, the supplemental data provided by the static section bending tests and

the counter-clockwise torsion tests corroborates the strut static test results and the

dynamic section test results presented in Sections 3.0 and 4.0. The larger errors
associated with the clockwise torsion tests for truss sections -1, -2, and -4 are

attributed to the test setup itself and not the behavior of the truss.
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6.0 ASSEMBLY DYNAMIC TESTS

6.1. INTRODUCTION

To verify the CEM testbed and to allow the dynamic model of this hardware to be

confirmed and correlated, a modal test of the structure was performed by SDRC in the

Space Structures Research Laboratory at NASA/LaRC. This section of the report

presents the findings of the pretest analysis efforts, the description of the test article

and approach used in the testing, and the results of the modal tests performed on the
CEM structural assembly.

The pretest analysis efforts described in this section were used to develop the required

set of measurement locations for the modal test. This resulted in two groupings of

instrumentation which could be used independently or together in comparing the

model predictions and the test results. The preliminary analysis was used to confirm

that the reduced number of measurement locations could be used to adequately

represent the dynamics of the entire structure so that correlation could be performed.

Following the pretest analysis, the modal test was performed. The modal test involved

applying an excitation force to the test article while measuring responses at the

locations indicated by the pretest efforts. This information was used to quantify the

dynamic characteristics of the CEM test article. Several tests were performed using

multiple excitation sources. Different excitation source types were investigated as well
as different shaker combinations to determine if the structure was sensitive to variation

in these parameters.

Pretest analysis predictions were used at the test site to make immediate comparisons

as soon as the test results were available. This allowed for quick verification of the test

data and an assessment of the model fidelity before testing was completed.

The following sections of the report present the details of the different phases of the

pretest analysis and testing that were performed.
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6.2. PRETEST ANALYSIS

This section discusses the development of the CEM test-analysis models (TAMs) using

an updated pretest finite element model. Because the number of low frequency servo

accelerometers was limited, two TAMs were developed. The first contained all the

degrees of freedom required to accurately represent the CEM structure's first 27

modes. This TAM is described in Section 6.2.2. The second TAM, described in

Section 6.2.3, was developed to determine locations at which the low frequency

accelerometers should be placed.

6.2.1. CEM Finite Element Model

Both test-analysis models were derived from the CEM finite element model, using

NASTRAN version 65, for all modal analyses. An overall view of the CEM finite

element model is shown in Figure 6-1. The main truss is completely composed of

uniform cross-section beam elements, with a concentrated mass element at each

corner node. The cable suspension system is comprised of rod elements, with vertical

springs at the top to represent the air springs between the suspension cables and

"ground."

Table 6-1 shows the physical properties used in the CEM pretest analysis. The truss

properties shown in the table correspond with those presented in Lockheed's

Progress Review III, February 26, 1992. Data for the cable suspension system was

supplied by NASA/LaRC.

Because the main purpose of this pretest analysis was to provide an accurate test-

analysis model, the results presented in this section were calculated from a finite

element model which included the mass of the modal survey accelerometers. The

maximum target mode frequency discrepancy between FEM with and without the

accelerometer mass was approximately 4.8%.

The modes for the CEM finite element and test-analysis models were calculated in two

steps. First, a differential stiffness analysis was performed to determine structural

preloading due to gravity. Using these results, the structural modes were then
calculated. The first three columns of Table 6-2 describe the CEM finite element mode

frequencies and shapes for the 27 modes below 35 Hz. Included in these modes are

first truss torsion; first, second, and third main truss bending; and first bending for both

towers. These FEM modes were used to develop the TAMs, as described in the

following sections.
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6.2.2. 103-DOF Static Test-Analysis Model

To provide test accelerometer locations and a mass matrix for orthogonality and

cross-orthogonality between test and analysis modes, a test-analysis model (TAM)

was developed for the CEM structure. The CEM TAM is a model whose degrees of

freedom correspond one for one with accelerometers to be used in the modal survey.

A TAM is generated by reducing the mass and stiffness matrices of the full FEM to the

DOF of the TAM. For the CEM analysis, the TAMs were generated using static (Guyan)

reduction.

The goal of the CEM TAM was to accurately predict the 27 FEM mode shapes and

frequencies below 35 Hz. Grid point modal kinetic energies and engineering

judgment were used to choose an initial accelerometer set which was then modified to

a final set. The final TAM included 103 DOF measured at 41 grid locations. A

comparison of TAM and FEM dynamic results is shown in Table 6-2. As seen in this

table, the 103-DOF TAM is very accurate, with a maximum frequency discrepancy of

2.4% and all cross-orthogonality terms of 100.

The 103-DOF TAM accelerometer locations are shown in Figure 6-2, while the

corresponding NASTRAN ASET cards are shown in Table 6-3. The main truss

bending modes were captured with a bi-axial accelerometer set at approximately

every fifth truss bay. At approximately every tenth truss bay, an extra bi-axial

accelerometer set was included to capture the truss torsional motion. Extra

accelerometers were included on the CEM Section 1 truss appendage to characterize

its bending and torsion.

The suspension truss appendages were involved in many of the overall structural

modes, as well as their own bending modes. A pair of tri-axial accelerometers was

used at each end of the four suspension truss appendages. These were sufficient to

capture the first bending and any torsion in the suspension truss structure.

Laser tower motion was characterized with two tri-axial accelerometers on the tower's

top bay and two additional bi-axial accelerometers at a midpoint station. The shorter

reflector tower motion was captured with two tri-axial accelerometers on the tower's

top truss bay. Both towers' first bending modes were among those targeted for
measurement.
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Table 6-3. 103 DOF TAM NASTRAN ASET Cards.

ASETI CARDS FOR CSI TRUSS STRUCTURE (103 DOF TAM)

CABLE SUPPORT JUNCTION NODES

ASETI 123 396

$
$ MAIN TRUSS STRUCTURE

$
ASETI 123 3

ASETI 123 55

$
ASETI 23 7

$
ASETI 23 67

ASETI 23 56

ASETI 23 27

$
$ LASER TOWER

$
ASETI 123 310
ASETI 12 294

$
$ REFLECTOR TOWER

$
ASETI 123 267

$
$ SUSPENSION TRUSS

$

48O

4

139

ii

79

i00
28

312

296

268

251

223

99

140

239

252

119

180

240

ASETI 123 387 388 391 392

ASETI 123 471 472 475 476

159
224

179 199
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6.2.3. 41-DOF Static Test-Analysis Model

The 41-DOF TAM was developed in an attempt to predict the CEM mode shapes and

frequencies using only about 40 accelerometers. The available modal survey

equipment included approximately 40 high-precision, low frequency, servo

accelerometers. To find optimal locations for the high-precision accelerometers, an

analysis was performed to identify a subset of the 103-DOF TAM which would

accurately predict most of the target modes.

The reduced 41-DOF TAM was developed using the same procedure described in

Section 6.2.2. The final reduced TAM included 41 DOF at 19 grid locations. Table 6-4

shows a comparison between the CEM 41 DOF reduced TAM and the FEM. In the 41

DOF TAM, the maximum mode frequency discrepancy increases to 8.6%, while the

minimum cross-orthogonality term is 94. The reduced TAM did not include any DOF

on the cable suspension system, thus suspension cable modes are "invisible" to the

reduced TAM. There were two reasons for not placing servo accelerometers on the

suspension cables: (1) the cable modes were not as important as the test article

flexible modes, and (2) the servo accelerometers are very massive relative to the

cables. Thus, FEM modes 9 and 11 were not captured by this reduced TAM since they

are suspension cable modes. Figure 6-3 shows the 41 reduced TAM measurement

locations, while Table 6-5 shows the NASTRAN ASET card deck for the 41-DOF TAM.

6.3. TEST DESCRIPTION

This section of the report relates the performance of the modal testing on the CEM

Phase 1 structure. The test article is described along with the instrumentation which

was used to make the measurements. Also, the test approach is described including

the methods used to evaluate the test data.

6.3.1. Test Article Description

The modal test was performed in the room 123 high bay at NASA/LaRC in Building

1293. The test article was the CEM Phase 1 testbed, which was suspended from the

ceiling of the high bay with a low frequency suspension system consisting of low

stiffness springs and steel cable support wires. These wire cables were of sufficient

length to result in low frequency rigid body pendulum modes below 0.5 Hz. The

suspension system was also designed to ensure that all rigid body modes were below

1.0 Hz. Figure 6-4 shows the configuration of the test article.

6-9
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Table 6-5. 41 DOF TAM NASTRAN ASET Cards.

ASETI CARDS FOR CSI TRUSS STRUCTURE (41 DOF TAM)

MAIN TRUSS STRUCTURE

ASETI 123 3 251

ASETI 23 55 139

ASETI 3 4 252

ASETI 23 99 179

$
$ LASER TOWER

$
ASETI 123 310

ASETI 1 312

$
$ REFLECTOR TOWER

$
ASETI 123 267

$
$ SUSPENSION TRUSS

$
ASETI 123 387 391

ASETI 123 471 475

223

I00
27

180
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6.3.2. Instrumentation

Two types of accelerometers were used to make the measurements on the test article.

The pretest analysis defined specific measurement locations or degrees of freedom

(DOF) where the accelerometers were to be installed. These locations were grouped

in two sets to account for the different types of accelerometers used in the test. The

first group of DOF were to be measured with servo accelerometers so that the low

frequency modes (including the rigid body modes) could be accurately measured.

These accelerometers were placed at 41 DOF so that the primary motion of the test

article could be described. The selection of these locations was verified through the

pretest analysis. The accelerometers used were Sundstrand Q-Flex servo

accelerometers. These transducers, with mounting hardware, weigh about 80 grams,

and since this was considered a substantial mass relative to the test article, the pretest

analysis efforts included the mass of the accelerometers. The locations at which the
41 servo accelerometers were installed are shown in Figure 6-5. A listing of the

measurement DOF is given in Table 6-6. In addition to the 41 DOF used in the TAM,

servo accelerometers were installed at each of the driving points in the direction of the

input, and two servos were installed at the suspension springs, one at each spring.

To provide further detail about the flexible modes of the CEM structure, another type of

acceterometer was installed at an additional 62 DOF. These accelerometers were

lightweight (3 gram) PCB Structcel transducers. These transducers are not capable of

measuring very low frequency (less than 1 Hz) acceleration values like the servo

accelerometers, but the light weight made them more appropriate for measuring the

motion of lightweight components such as the suspension cables. These transducers

were combined with the servo accelerometers to yield a total measurement set of 103

DOF. A pretest test-analysis model (TAM) was developed for the 41 DOF servo

accelerometer measurements as well as for the combined set of 103 DOF. This

allowed comparison of the two different pretest models in extracting the final test

results. Figure 6-6 shows the DOF associated with the Structcel measurements.

These are also listed in Table 6-6 with the servo accelerometer locations.

Excitation of the test article was performed using two different types of sources. The

primary source was electrodynamic shakers. These were APS 10-inch stroke linear
actuators. The shakers were attached to the test structure through a flexible stinger, or

rod, which in turn connected to the CEM test article with a piezoelectric load cell. This

load cell (PCB 208) was used to accurately measure the force applied during the test.

Figure 6-7 shows the arrangement of the attachment of the shakers to the test article.
The locations at which the shakers were attached are shown in Figure 6-8.
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Table 6-6. Accelerometer Installation Summary For CEM Modal Test.

Accelerometel Accelerometer Accelerometer
S/N SIN

13633 Structcel 1272

13681 Structc! 1215
14743 Structcel 563

13498 Structcel 1297
13507 Structcel 234

13715 12<36

13890 Structcel 259
14224 Structcel 1324

13503 Structcel 1208
13689 Structcel t277

14746 Structcel 1315

14270 Structcel t317
13574 Structcel 1226

13601 Structcel 1271
14152 Structcel 257

13866 Structcel 240

13602 Structcel 1279
13740 Structcel 1281

21844 Structc(
13956 Structcel

13481 Structcel

21858 Structcel
21641 Structcel

569

1300

1330
241

249

13g09 Structcel 326
13537 Structcel 1334

21831 Structcel 572
21762 Structcel 235

14243 Structcef t635
Structcel 245

13798 Structcet 236
21857 Structcel

13750 Structcet

13566 Structcel
13567 Structcel

13869 Structcel
13882 _tructcel

14234 Structcef
13619 Structcel

13652 Structcel

21753 StructcE

13564 S_ructcel
13466 Structcel
14049 Structcel

13650 Structcel

13591 Structcel
13622 _;tructcet

14233 Structcel

13471 . Structcel
13634 Structcel
13470 Structcel

13700 STructce

14254 Structcel

21816 Structcet
13638 Structcel

21812 Structcel

21809 Structcel
13852 Structcel

13494 Structcel
13878 Structcel

14139 Structcel
13769 Slructcel

21832 Structcel

1289 Servo
1321 Servo

1318 Servo

559 Servo
1284 Servo

1531

1305
562

566

333
567

252
233

242

238

2
3

4
1302

1331
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The second type of excitation source used during the test program was an

instrumented impulse hammer with a foam-covered tip. This hammer also

incorporated a piezoelectric load cell to measure the force applied to the structure.

The hammer impulse was applied at two of the four locations used for the shaker

excitation: locations 1001 and 1004. The tip of the hammer was covered with foam to

lower the frequency content of the impulse to match the frequency range of interest in

the test.

Signal conditioning for the instrumentation was provided as appropriate to the particu-

lar transducer type. The servo accelerometers were powered by six-channel amplifier

banks developed by NASA/LaRC. The Structcel accelerometers were amplified by

fifteen-channel PCB 433 differential power supplies. The load cells were powered by

PCB 480D06 battery pack power supplies.

All measurement signals were routed to the data collection system, a Zonic System

7000 configured with a DEC VaxStation 3100 workstation. The Zonic was used to

digitize all of the analog signals simultaneously for processing and provided the signal

sources for the electrodynamic shakers.

Figure 6-9 shows the configuration of the data collection system used for the CEM
Phase 1 modal test.

6.3.3. Test Performance

Multiple test runs were performed for the CEM Phase 1 modal survey. Each time a set

of data was collected on the structure, it was assigned a run number. This was true

even during preliminary testing where excitation force levels were being checked and

instrumentation quality was being evaluatedl A total of 22 test runs were performed

between March 12, 1992, and March 19, 1992. In some cases, such as when there

were obvious instrumentation problems, no data files were saved for particular runs.

Once all of the instrumentation problems were solved, the test run data sets were

stored.

Table 6-7 lists the test runs performed on the CEM Phase 1 test article. As can be

seen, most testing was performed with a four-shaker excitation setup. Additional

testing was performed with two shakers to determine the effects of the shaker

attachments. In addition, single location, impact excitation was performed using a

calibrated, instrumented hammer to apply the excitation force. Two separate locations

(the same as were used for the two shaker excitation) were used as the points for this

type of input.
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The two excitation types (burst random using shakers and impact using the hammer)

were selected due to the nature of the test article as well as the desired data quality.

Each of these excitation types allowed the data to be collected without applying win-

dows to the data which could result in distortion of the results. For example, in using a

burst random excitation, a flat top window (or no window) could be used since the data

was periodic (started at zero and ended at zero) within the sampling block of data.

Other excitation types such as continuous random require application of some type of

mathematical window to the time domain data to yield a periodic response. These

windows result in distortion of the frequency domain data which can be exhibited as

apparent increases in the structural damping. Continuous random excitation also can

cause "structural leakage" effects which result in distorted FRF. This is caused by the

response of the structure resulting from excitation started during one frame of data

sampling but continuing into the next frame of data.

All of the data was collected simultaneously using the Zonic System 7000, for both

burst random and impulse excitation. When the burst random waveform was being

used as the excitation source, the command signal was generated by the data

collection computer. All of the force signals and response signals were digitized and

processed to yield frequency response functions (FRF) which could be used for data

analysis. In some cases, the time domain histories of all of the channels were stored

on a through-put disk which is part of the Zonic front-end. These histories could later

be replayed to review the data as well as to generate the required FRF. The FRF could

also be generated as the data was being collected, the typical method used for most of

the data collection. Often, the stored results were both the FRF and the histories of the

digitized data.

The data was collected using a block size of 4096 samples. The total sample time for

each data sample was 50 seconds, or a sampling frequency of 81.92 samples/second.

This was equivalent to a maximum frequency of 32 Hz. The time resolution was

0.01221 seconds/sample, and the frequency resolution was 0.02 Hz/spectral line.

This gave good spectral resolution which could be used in evaluating closely spaced

modes throughout the frequency range of interest. The 32 Hz upper frequency was

selected based on the pretest analysis results and preliminary data collected in the

test.

The computed FRF showed the relative magnitude and phase between each excita-

tion input location and each response location on the structure. Multiple Input-Multiple

Output (MIMO) calculation techniques were used for all of the multiple shaker burst

random testing, whereas Single Input-Multiple Output (SIMO) was used when
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employing the impulsive excitation input (References 5,6 and 7). These FRF were

stored on the data collection computer disk and then transferred to an optical disk

which was used as the transfer media to the data analysis computer.

An investigation was made during early testing to determine whether the excitation

force level would affect the dynamic response of the test article. Moderate changes in

force level were used to acquire sets of FRF which were then compared for similarity

and data quality. No significant differences were observed in the data quality for minor

changes in the force level. Initially, the force level was varied only about 10-20%. A

level of approximately 2 pounds peak force (at each shaker) was selected for most of

the early testing. This was established as the baseline force level since good signal

levels were observed on the accelerometers without overloads and the data quality

was very good. Later, the force level was increased by factors of 1.2 and 2.5 over the

baseline level. These variations in force level did not result in significant changes in

the FRF obtained.

Other excitat]ofi ]nvestigatioris Wei--e performed to study the effect of the shaker

excitation mode used (voltage mode versus current mode) as well as to identify any

effects of the shakers' being attached to the test article. Reducing the number of

shakers to two from tl_e originai four and installing metal stingers betw-een the shaker

and the structure as compared to the plastic stingers allowed evaluation of the

additional stiffness restraint being provided by the stinger attachment. The impact data

was obtained to yield a definition of the test article in its unrestrained state for direct

comparison to the data with shakers attached.

During the on-site evaluation of the test data, several mode shapes were defined from

the test data which could not be uniquely separated from each other. There were

multiple modes in narrow frequency ranges exhibiting the same general shape as

determined by Modal Assurance Criteria (MAC) and orthogonality computations.

These modes were apparent in the test data, but were not predicted in the pretest

analysis. Therefore, an extra set of data was collected in which acceterometers were

added to the upper cable supports to determine whether any phase changes could be

observed for the cables in the regions where these multiple modes were present. This

testing was performed using impact testing after lowering the test article to install the

accelerometers and raising it back to its previous support level. The rationale for

performing this test was that the analysis model did not adequately represent the

cables in the suspension and visible cable motion could be seen during the test. In

addition to the extra data collection performed, some spectra were generated from

plucking the suspension cables and observing the responses.
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6.3.4. Data Analysis

Data analysis was performed using SDRC I-DEAS TM test software installed on a DEC

Vaxstation 3100. The data files (which contained all of the FRF obtained in the test

runs) from the collection system were delivered on an optical disk and placed on the

analysis machine. This data was then analyzed to extract all of the modal parameters

from the measured FRF.

The data analysis involved a multiple-step process in which the quality of the data from

a particular test run was reviewed and then used to extract modal parameters as

required. Following the modal parameter extraction, the mode shape data from the

test was expanded to allow direct comparison with the analysis results. In addition,

other correlation steps were taken to compare the test and pretest analysis results.

Quality of the FRF data was determined by reviewing plots of selected FRF, evaluating

the coherence and partial coherence obtained at each of the excitation locations,

looking at the excitation input power spectra, and generating Mode Indicator Functions

(MIF) and Multivariate Mode Indicator Functions (MMIF). This preliminary evaluation of

the data quality was used in conjunction with observations made during the data

collection to decide if a particular set of test run data was acceptable or not.

Once the quality of the FRF data was deemed acceptable, the next step was to extract

preliminary mode shape information from the FRF so that proper functioning of all of

the transducers could be verified. This step was performed by searching the MIF and

MMIF for the frequencies of interest. Minima in the MIF and MMIF indicate resonances

which exist in the test article. By searching for these minima, the resonant frequencies

indicated by the test data were quickly identified. A shape extraction was then

performed at these frequencies using a simple single-frequency parameter extraction

method. These mode shapes were animated to determine where any transducer

problems might exist. During the first six test runs, this approach identified several

transducers which were either not functioning properly, or were not connected to the

proper channel in the data collection system, or the polarity (sense) of the transducer

was different than that which had been documented. In all of these cases, the

transducers were replaced or corrected for subsequent test runs. Once all of the

transducer problems had been corrected, subsequent testing results were used for

further detailed data analysis.

Detailed modal parameter extraction followed the preliminary data evaluation process.

During this part of the data analysis, more sophisticated parameter extraction methods

were used such as direct parameter estimation 8 and poiyreference 9. Mode shapes as
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well as modal frequency and damping were extracted for each of the resonant

frequencies indicated in the test data. The MMIF was again used as a guide to locate

the frequencies of interest. FRF were also used to define important frequencies. In

particular, the driving point (excitation location) responses yielded clear indications of

which modes were excited by specific shaker locations. This type of information was

also evaluated from MIF computed from each of the individual references.

Once the mode shape information was extracted, steps were taken to make

comparisons between the pretest analysis results and the test results. The first step of

this process was to expand the test mode shapes from the measured DOF to a more

descriptive representation which could be compared to the FEM. This expansion was

performed using the constraint matrix extracted from the FEM during the TAM

development. This matrix uses the measured DOF as independent DOF and the other

display DOF as dependent DOF which are computed from the measurement set. Two

sets of expansion matrices were developed: one for the 41-DOF servo accelerometer
locations and the other for the 103-DOF full instrumentation set which included cable

measurement locations. Figure 6-10 shows the abbreviated representation which is

described by the 41-DOF servo measurements compared to the expanded set which is

more representative of the actual hardware. Similarly, Figure 6-11 shows the

103-DOF representation compared to the expanded set.

Both set s of expansion matrices were used in the evaluation process since it was
believed that the servo accelerometers were more reliable at the low frequency modes

of the structure. In turn, the expansion using the 41-DOF would be mor e reliable at low

frequencies. However, at higher frequencies, the cable motion becomes more

important tothe comparison to analysis, and the expansion using the 103-DOF set

was felt to be more appropriate. MAC comparisons were made to show the difference

between shapes expanded from the 41-DOF and the original shapes which included

all 103-DOF. Final mode shape displays were all generated using the expanded

shapes. Expansions were performed with the most appropriate matrix, either the
41-DOF or the 103-DOF.

A MAC matrix was developed as the next step to determine whether the test modes

were independent Of each other. Then a cross-MAC comparison was made to start

matching the test modes with the pretest analysis modes. The mode pairs established

from this comparison were then used for further mode shape comparisons.

After MAC comparisons were made, orthogonality and cross-orthogonality or

cross-generalized mass (CGM) calculations were made to include the mass matrix

weighting in the comparison process. The FEM mode shapes used in the cross-MAC
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and cross-orthogonality calculations were the FEM modes partitioned to the

measurement DOF. Those modes which showed good agreement to the pretest

analysis were separated from the other shapes for the final comparisons. These

comparisons showed differences in frequency as well as cross-MAC and CGM values

between the test and analysis results.

Once the mode shape pairings were made between test and analysis, plots of the

deformed shapes were made to show the similarity between the two shape sets.

These plots were made showing the static deformed display over a dashed line

display of the undeformed structure (see Figure 6-12). Split screen animation was

also used to compare the mode shapes. Test mode shapes were compared to other

test mode shapes during this process to determine if similar mode shapes showed any

problems. Dominant response in the FRF, MMIF, and comparisons achieved using the
cross-MAC and CGM were used to select the best mode shapes for the final set.

These results were then tabulated for the final report.

6.4. MODAL TEST RESULTS

The modal survey of the CEM Phase 1 test article defined a significant number of

modes in the frequency range of interest. Many of the modes identified involved

substantial motion of the suspension system which could not be uniquely identified

relative to the pretest model. However, the primary modes predicted by the pretest

model were identified in the test and are presented in this section of the report. This

section of the report also discusses the various excitation techniques employed in the

test and how these affected the results. This part of the report also compares the

pretest analysis results with those identified in the test. The mode shape appendix

(Appendix H) contains the comparisons of the pretest modes and the test modes

selected as mode pairs. Test modes not paired with pretest analysis modes are also

presented in a separate appendix (Appendix I).

6.4.1. Summary of Test Results

A total of 67 modes were identified from the CEM Phase 1 modal survey in the

frequency range of 0.7 to 32 Hz. Table 6-8 lists the summary of the frequencies and

damping values identified from the test. Most of the modal information from the test

was extracted from test run number 7 (see Table 6-7) which employed four shakers.

Comparisons based on MAC and orthogonality were used to determine whether a set

of linearly independent modes had been extracted from the test data. Orthogonality
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Test
Mode
No.

Table 6-8. Summary Of Frequencies And Damping Values Identified
In The CEM Phase 1 Modal Survey.

Test Equivalent Test Test

Frequency Viscous Mode Frequency
(Hz) Damping (%) No. (Hz)

1 0.865 0.184 _!iiiiiiiiiiiiiiii!iiiiii_
2 0.956 0.136 _;_;_;;_;_;_i;!;!;_;_
3 1.013 0.198 _:i,i,i_:!_,i:;,:,:+:+:+:,:.:.:,:.:.

:,:.:+:.:.:.:.:.:.:.:.:,r

4 1.735 0.380 :iiiiii!iiiiiiiiiiiiiiiiii
_i!i!!!ili!iiiii!iiiiiiiiii

5 1.851 0.185 _i:'i_i_-i_iii_iiiiiiiii_!

6 2.065 0.589 _iiiiiiiiiiiiiiiiiiiiiiiill
::::::::::::::::::::::;+:,:+:,:+::.:+:,

7 2.124 0.730 _!!!i!i!i!i!i!i!i!i!iiiiiii
8 2.540 0.158 i_!iiiiiiiiil;ii!i!iiiiill
9 2.760 0.100 _i_i!iii;;i_i_ii_i_i_i;i_i

10 2.860 0.092 ii!i!iiiiiiiiiiiiiiiiiiili!
:.:_+:+:+:.:+:.:,:

 ,oo o,oo !iiii!!!iiii12 3.249 0.141

13 3.796 0.280 _iii_ii!!i!iiiii!iii!i!i!i!
14 5.117 0.584 i!iiiii!ii!ii!i!!!!i!!i!!!

16 6.401 0.180 i_i_i;i_i;i_i_i_i;i_i_i_i_

17 7.416 2.757 iiiiiiiiiiiiiiiii;i_i_i!ii
:::::::::::::::::::::::::18 7.547 2.824 i_i_i_i;i_i_i_i:_:_:_:

19 8.001 0.138 i!iiiiiiiiiii!iii!iii!i!!ii
20 8.464 0.112 i!:ii!i!;iii!iii!i!iii!!il

22 9.760 0.500 !iii!iiiii!iiiiiii!i!iiiii
23 9.848 0.948 !_;iiiiiii:!iiiiiiiiiiiiii
24 9.916 0.835 _!_!_!_i_i_i_i_!_!_!_!_!i_i_i:i!i!i_i!i!i_i!i!i!!_
25 9.919 0.200 _iiiili!i!iiiiiiiiiiiii!!!
26 9.975 1.206 :_;_!_i;!_:i_!:i_i;ii!_
27 10.020 0.665 i

28 10.122 0.139 iii!iii!iiii_iii!ii!iiii!i!
29 10.243 0.193 _iiiii!iiiiiiil;iiiiliiiill
30 10.311 0.623 iiiiiiiiiiiii!iiiii_i_i_!:

+:.:+;.:+:.:+:.:.:

31 10.939 0.241 _!_ii_i_i_i!_!_i
32 11.142 0.218 !iii!iiii!iiiii!ii!!!ii!iii

iii!i!i!!i!!i!i!!!i_i_i?i!

33 11.639 0.096 ...........................
-:-:.:+:+:.:-:+::::5

34 12.310 0.445 ii!!i!!iliiiiiiiiiiiiiiiiii
_iii_i;!!!iiii!ii!i!!!i!35 12.857 0.965 _!_!_:i_i_i_i_i_i_i_;_i_i

36 13.656 0.199 iiiiiliiiiiiiiiiiiiiiiiiil
37 13.909 0.188 _!_!_!_;i_i_i!ii_i_i_!

::::::::::::::::::::::::::

38 14.508 0.164 !i!i!i!i!!i!ii;i_i_!i!;!_i
i_i_!_ii_i!i!i!i!i_!!i!i!
=;:+::+::+:+:_:

39 15.066 0.138 _i!i;i;iiiii;iiiiiiiiiii!i!
40 15.508 0.048 iiiiiiiiiiiiiiiii!i!i!il;!i=.............

41 15.831 0.246 iiiiiiiiiiiiiiiii!i!iii!:_

42 17.027 0.196 _i_;_i_i_i_i;;
43 17.151 0.136 iiiiiiiiiiiiiiiiiiiiiiii!
44 17.571 0.041 iiii!i!iiiilililililililil

::::::::::::::::::::::::::

45 17.970 0.098 .........................
::::::::::::::::::::::::::

46
47
48
49
5O
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

18.394
18.843

19.926
20.462
21.000
21.499
21.951
23.081
23.689
23.788
24.416
26.651
26.799
27.078
27.120
27.883
28.892
29.548
31.302
31.503
31.649
31.784

Equivalent
Viscous

Damping (%)

0.107
0.118
0.895
0.563
0.227
0.351
0.397
0.242
0.788
0.146
0.138
0.093
0.119
0.122
0.092
0.511
0.161
0.292
0.110
0.117
1.413
0.178
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computations were made with the 103-DOF mass matrix as the primary matrix of

interest since there were many modes involving cable motion which could not be

properly represented using the 41-DOF model. These comparisons showed that

several of the mode shapes were very similar. Assuming that the modes were really

unique, this would suggest that insufficient instrumentation was installed to capture all

important mode shape information to prevent spatial aliasing.

Table 6-9 shows the MAC matrix which was obtained from the final set of test modes.

Table 6-10 shows the orthogonatity for the same set of modes. Review of the test data

would indicate that adequate excitation of the modes took place, and sufficient care

was taken in the mode shape extraction process to conclude that spatial aliasing takes

place between a significant number of the modes in the test. This appears to be true
even for the first flexible mode of the structure.

Two clearly distinct modes (test modes 4 and 5) at 1.73 Hz and 1.86 Hz were apparent

in the FRF and resulting MIF and MMIF. Figure 6-13 shows these two frequencies in

the driving point FRF for shaker location 4. However, when these modes were extracted,

they were found to be almost identical in shape. A MAC value of 0.96 and

orthogonality of 98 percent between these two modes indicated that they were very

close to being the same mode, based on the mass matrix and the test measurement

DOF.

Given the data quality and extraction techniques, it is concluded that insufficient

measurements were made to yield a linearly independent set of modes. This is the

same conclusion reached for some higher frequency modes as well. We believe that

parts of the suspension system (not measured in the test) change their phase

relationship in these modes. Since the FEM, pretest TAM, and test measurements did

not provide enough data to identify this, spatial aliasing resulted.

6.4.2. Comparison of Test and Pretest Analysis Results

A total of twenty-four of the first thirty pretest analysis mode shapes were matched in

the test. The six analysis modes not identified were the three lowest frequency rigid

body modes and three of the upper frequency pretest modes believed to be outside

the test frequency range of 32 Hz. The three highest frequency pretest modes were

predicted to be above the test cutoff frequency of 32 Hz. One of these (a cable mode)

was predicted to be above the 32 Hz limit, but was found in the test at a lower

frequency.
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The three rigid body modes which were not determined from the test FRF are

pendulum modes whose frequency is dependent on the suspension cable length. All

of these modes were predicted to be below 0.13 Hz. Since these modes were so low

in frequency, they could be easily excited and timed manually, and the shaker

attachment could easily influence the frequency of these modes. Therefore, no

attempt was made to excite the structure with frequency content low enough to
characterize these modes.

The modes which were matched to the pretest analysis showed very good agreement.

The largest frequency error between the test and analysis for significant structural

modes was just over 5.5%. There were three modes dominated by suspension cable

response which showed errors in excess of 30%. The cross-MAC values obtained

from the matching modes were in excess of 80% except for two modes. When the

mass matrix weighting was added to give CGM values, the results improved. All CGM

values were in excess of 90% except for one mode which showed a 71% term. This

was for a higher frequency mode and was dominated by cable motion. The

combination of good frequency agreement and high CGM terms obtained between the

test and analysis predictions showed very good correlation of the model without

making any FEM changes. Table 6-11 lists the comparison results between the

pretest and test data.

A total of 67 test modes were identified, but many of these modes did not appear to be

unique. The first evaluation of the test modes was performed using MAC calculations.

This was followed by cross-MAC comparisons between the test and analysis shapes

to gain an initial determination of the mode pairing between the two sets of data. Next,

the orthogonality of the test modes was computed using the 103 DOF TAM mass

matrix.

Using the highest cross-MAC and cross-orthogonality terms as criteria, a table of

shape correspondence was created. In cases where two test modes matched the

analysis results, the highest CGM term was selected to build a list of the best

comparisons between the test and analysis. The test modes selected through this

process were identified as the primary modes which were then used to recompute the

MAC and orthogonality tables. These are presented in Figures 6-14 and 6-15. The

numerical listings corresponding to these figures are given in Tables 6-12 and 6-13.

The largest off-diagonal terms which result in this abbreviated set of test modes are the

result of coupling between modes dominated by suspension cable motion and the

other modes. Since the largest frequency errors present are for the cable modes, and

it is believed that the suspension cables are not modeled to accurately represent the

test article, these off-diagonal terms are of no concern.
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Table 6-11. CEM Phase 1 Modal Test Comparisons (Pretest versus Test).

Test
Mode

No.

Test Equivalent
Frequency Viscous

(Hz) Damping (%)

1 0.865 O.184

2 0.956 O.136

3 1.013 0.198

5 1.851 0.185

8 2.540 0.158

10 2.860 0.092

12 3.249 0.141

13 3.796 0.280

16 6.401 0.180

19 8.001 0.138

25 9.919 0.200

26 9.975 1.206

34 12.310 0.445

35 12.857 0.965

36 13.656 0.199

37 13.909 O.188

38 14.508 O.164

39 15.066 0.138

43 17.151 0.136

50 21.000 0.227

56 24.416 O.138

58 26.799 O.119

64 31.302 0.110

67 31.784 O.178

Pretest Analysis
Analysis Frequency % Frequency
Mode No. (Hz) Difference

4 0.825 -4.624%

5 0.959 0.314%

6 0.963 -4.936%

7 1.808 -2.323%

9 3.460 36.220o10

11 3.940 37.762o/o

8 3.125 -3.817%

10 3.683 -2.977%

12 6.122 -4.359%

13 7.827 "2.175%

14 9.451 -4.718%

15 9.769 -2.065%

16 11.853 -3.712%

17 12.141 -5.569%

18 13.418 -1.743%

19 13.572 -2.423%

20 14.113 -2.723%

2t 14.715 -2.330%

22 16.556 -3.469%

23_........ 20.114 -4.219%

24 23.258 -4.743%

28 37.125 38.531%

26 31.011 -0.930%

25 30.724 -3.335%

MAC CGM
Value Value

O.994 0.9978

0.971 0.9740

0.943 0.9817

O.995 0.9973

0.973 0.9223

0.985 0.9838

0.997 0.9988

0.987 0.9981

0.996 0.9984

0.995 0.9975

0.966 0.9847

0.989 0.9960

0.990 0.9957

0.475 0.9037

0.914 0.9615

0.868 0.9299

0.812 0.9138

0.830 0.9092

0.996 0.9978

0.995 0.9976

0.940 0.9846

0.681 0.7129

0.887 0.9482

0.928 0.9777
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The results of the test indicate that the suspension cables interact substantially with the

test structure. The pretest model did not take into account the flexibility or motion of the

suspension cables other than at the Y-joint where the cables join. As a result, the DOF

indicated by the model could not include any flexible motion of the cables. This meant

that the number of modes predicted in the pretest efforts was lower than those which

occurred during the test. The test modes could still be matched with the analysis

modes, but there were extra modes indicated in the test which were not present in the

pretest predictions. To improve the comparison between the test and analysis results,

the suspension system in the model needs to be updated to allow for the cable

flexibility and modes.

The mode shape plots which show the matching test and analysis shapes are

contained in Appendix H. The mode shape plots of all other test modes which were

not matched with the analysis predictions are presented in Appendix I.

6.4.3. Comparison of Excitation Type and Stingers

Seven different excitation configurations were used during the modal test to evaluate
shaker effects on the test article:

(1) Multi-input 4

(2) Multi-input 4

(3) Multi-input 2

(4) Multi-input 2

(5) Multi-input 2

(6)
(7)

shaker excitation

shaker excitation

shaker excitation

shaker excitation

shaker excitation

plastic stinger rod, voltage mode

plastic stinger rod, current mode

plastic stinger rod, voltage mode

plastic stinger rod, current mode

metal stinger rod, voltage mode

Multi-input 2 shaker excitation metal stinger rod, current mode

Single-input calibrated hammer impulse excitation, no shaker connection

The two shaker modes, voltage and current, refer to the control method used to supply

the electrical command signal to the shaker. In voltage mode, there is some back

Electromotive Force (EMF) which is generated by the shaker motion. The current

mode of operation can be used to eliminate this EMF. There have been previous
indications that the shaker EMF can influence the FRF results, so these comparisons

were made to evaluate this theory.

The different shaker modes were investigated to determine whether there was a

measurable difference in the FRF data when no EMF was present. Different stinger

types were investigated to determine if the stiffness of the stingers supplied any

significant constraint to the motion of the test article. The impact testing was performed

to give a baseline measurement of the structural response with no external restraints

or added mass.
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Comparisons of FRF were made to document the effects of the different shaker effects.

If a change in the shaker caused a change in the structural behavior, then the FRF

should exhibit that change. Most of these comparisons showed no change, although

exceptions are discussed here.

The impact testing did not result in the same high quality data obtained in the shaker

testing. This was exhibited by the poorer FRF data quality in the frequencies away

from the resonances, partially due to the lower force levels used and some problems

in the software implementation on the data collection system. Even so, a good

comparison was made between the impact excitation and the other excitation types.

Also, the FRF computation made during the current mode excitation was obtained by

using the shaker drive current as the force applied to the structure rather than using
the load cell which was attached to the test article. This is discussed further in the

paragraphs which follow.

There was a measurable shift in the three measured rigid body modes when changes

in the excitation type were tried. As expected, the frequencies were slightly higher

when the shakers were attached to the test article. This reflected the slight stiffness

increase contributed by the stingers. A slight frequency shift could be observed at

some other higher frequencies, but in most cases, the shift, if any, was insignificant.

The 1/8 inch diameter metal stinger provided more lateral stiffness than the 1/4 inch

diameter plastic stinger. This yielded some higher frequencies, but most of the

changes were minor. Figure 6-16 shows a comparison of FRF obtained using the two

different stinger types.

There was virtually no difference between the two-shaker excitation and the

four-shaker excitation for most of the frequency range. The driving point FRF from

these two surveys overlay so that almost no difference could be seen. This indicated

that there was little additional stiffening effect from the extra two shakers. However,

there was a narrow frequency range in which some change was observed. In the

frequency range between 9 and 15 Hz, changes in the response frequency and

amplitude were observed. These effects can be seen in Figure 6-17. Outside that

frequency range, differences between the two data sets were very small.

Some of the biggest differences in the FRF were observed when switching between

current mode and voltage mode excitation. The FRF obtained using current mode

excitation were noticeably noisier at frequencies below about 4 Hz. The force (current)

spectrum was reviewed, and the force amplitude was lower at the low frequency range

for the current mode excitation. All other data collection parameters were kept the
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same for these comparisons, so the shaker excitation type was the only variable.

Figure 6-18 shows an example of the spectrum associated with the current mode

excitation where the low frequency roll-off can be observed.

The current mode excitation also resulted in a frequency shift around 14.5 Hz which

was not indicated during the voltage mode excitation when switching from four

shakers to two shakers (Figure 6-i 9). Figure 6-20 shows the mode shape associated

with this particular frequency. Direct comparison of FRF obtained using the two exciter

modes showed measurable differences. The current mode resulted in lower

frequencies than the voltage mode in general. Figure 6-21 shows a comparison of
the FRF obtained with the two excitation modes. Since comparison between impact

excitation and the voltage mode FRF showed results which were very comparable, it

appears that the current mode excitation results in either an added mass effect not

apparent in the voltage mode excitation or a computational difference in the

generation of the FRF resulting from use of the current rather than the true force.

6.4.4. Excitation Force Level Comparisons

A limited number of force levels were used to collect data with the burst random input.

These different force levels were only for the four-shaker excitation testing. The force

levels used were approximately 2, 2.4, and 5 pounds peak force and were adjusted by

controlling the excitation voltage going to the shaker. A full set of force level studies

was performed using voltage mode shaker control while two force levels, 2.4 and 5

pounds, were studied for the current mode shaker control.

Only minor differences were seen when the excitation force level was changed as
described. The conclusion was that the test article behaved in a very linear fashion

within the range of excitation forces applied. No extremely large excitation force was

applied during the modal test since that was not the objective of the test. This result

was consistent with similar findings obtained during the dynamic section tests (Section

4.0).

6.4.5. Evaluation of Suspension Cable

Several modes identifiedduring the test appeared to be the same--that is, they were

not shown to be linearly independent. In some cases, these modes were clearly

shown to be suspension cable modes. For example, modes 10 and 62 are both

dominated by cable motion and since the instrumentation was limited to only the

Y-joint where the cables intersect, the mode shapes for these well-separated

frequencies could not be uniquely identified. The high MAC terms and orthogonality
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off-diagonal terms obtained for some of the other test modes indicated that these

shapes were not uniquely defined as well. Since 24 of the first 30 pretest analysis

modes could be matched with selected test modes, the extra test modes were believed

to be the result of the suspension system cables coupling with the test structure.

Based on this conclusion during the test, an extra set of accelerometers was installed

on the main suspension cables at each end Of the test article (see Figure 6-22). The

accelerometers were installed using local displacement coordinate systems since they

could not be accurately placed in the global system. The local coordinate system

definition is shown in Figure 6-23. These transducers were added to determine

whether the cable motion changed its phase relationship to the rest of the structure in

any of the flexible modes. This data was Collected near the end of the testing and was

performed with impact excitation. The FRF obtained from this data were compared to

see if the phase changed between the two locations, particularly in the first two flexible
modes.

No change was observed for the first flexible mode pair, so it was concluded that this
was not the area of the fundamental difference. No additional measurements could be

made on the upper portion of the suspension near the spring, so it is still likely that part

of the upper suspension system exhibits a phase reversal between the two modes.

Further analysis modeling needs to be performed in order to give a better description

of the suspension cable interactions with the CEM structure.

Some preliminary data was collected from the new transducers installed on the cables

to see if some of the fundamental cable frequencies could be identified. A suspension

cable was "plucked" manually and the response of the accelerometers was measured

and Fourier transformed to yield the frequency content. Several averages were

collected to smooth the response spectra. The largest dynamic responses were

observed and plotted. The cable frequencies measured during this limited testing

were in the 1.5 to 3 Hz frequency range just as those where some multiple modes

were observed. However, no overall clear definition of the extra modes was found

using this excitation type.
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6.5. ASSEMBLY DYNAMIC TEST SUMMARY

A very successful modal survey of the CEM Phase 1 test bed was completed in which

excellent agreement was obtained between selected pretest analysis modes and the

test results. Twenty-four of the primary modes below 32 Hz were matched with the

model predictions. Frequency agreement was very good with all errors between test

and analysis being less than 6 percent for all primary flexible modes. Natural

frequencies of the suspension cable modes showed greater errors. The

cross-generalized mass (CGM) values between test and analysis were also excellent

with all of them 90 percent or higher except for one cable mode. The summary of all

test and analysis comparisons is provided in section 6.4.2.

Substantially more modes, however, were identified in the test than in the pretest
efforts. This is believed to be the result of the modeling approach used for the

suspension system. The suspension system in the pretest model did not take into
account the flexible modes which result from the tensioned cable. These modes

tended to interact with the test structure during the test and yield a much larger number

of modes. This also resulted in the disparity between the measured cable frequencies

and the pretest predictions, if further improvement in the test-to-analysis correlation is

desired, the suspension system in the model needs to be updated to allow for the

cable flexibility and modes.
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APPENDIX E

TEST AND ANALYSIS RESULTS FOR

TRUSS SECTION NO. 3 DYNAMIC TESTS
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APPENDIX F

TEST AND ANALYSIS RESULTS FOR

TRUSS SECTION NO. 4 DYNAMIC TESTS
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APPENDIX G

TEST DATA FOR STATIC TRUSS SECTION TESTS
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MATCHING TEST AND ANALYSIS MODE SHAPE PLOTS
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APPENDIX I

ASSEMBLY DYNAMIC TEST MODE SHAPE PLOTS

NOT MATCHED WITH ANALYTICAL PREDICTIONS
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